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Abstract
This dissertation reports recent advances in mid-infrared (mid-IR) optical refrigeration and Radiation Balanced Lasers (RBLs). The first demonstration of optical
refrigeration in Ho:YLF and Tm:YLF crystals as promising mid-IR laser cooling candidates is reported. Room temperature laser cooling efficiency of Tm- and Ho-doped
crystals at different excitation polarization is measured and their external quantum
efficiency and background absorption are extracted. Complete characterization of
laser cooling samples is obtained via performing detailed low-temperature spectroscopic analysis, and their minimum achievable temperature as well as conditions to
achieve laser cooling efficiency enhancement in mid-IR are investigated. By developing a Thulium-doped fiber amplifier, seeded with a Continuous Wave Optical Parametric Oscillator, power cooling experiments on Tm-doped crystals are performed.
Finally, different approaches towards realizing mid-IR RBLs in Tm- and Ho-doped
crystals are discussed, and optimized operation of such RBLs with conditions to
achieve kW-level output intensities are modeled.
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Chapter 1
Motivation for mid-IR Optical
Refrigeration Research

1.1

Introduction

Laser cooling as a counter-intuitive and interesting application of the laser has been
used to cool materials in gaseous phase via reducing the translational motion of
atoms which is also known as Doppler cooling. Laser cooling of dilute gases is a well
developed field achieving temperatures near zero Kelvin and has been rewarded the
Nobel Prize [1] in Physics in 1997.
In solid phase, it took more than two decades until laser cooling of solids became
mature enough to achieve cryogenic temperatures [2] as low as 91 K so that the
first vibration free solid-state optical cryocooler was demonstrated in 2018 [3]. The
gradual progress in laser cooling of solids was mainly because of a variety of material, optical, mechanical, and thermal challenges which had to be resolved one after
another over time [4–6].
Although the mechanism of laser cooling in gases and solids is different, both meth-
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ods rely on heat removal through energy transfer from low energy to high energy
light [4]. Optical refrigeration in solids is very different from Doppler cooling since
unlike gases, in solids, atomic locations in space are fixed; however, thermally induced vibrational motion of atoms contain an ample amount of energy that could be
extracted to observe net cooling and cool materials down to cryogenic temperatures.
From condensed matter physics we know that the thermal energy or the energy of vibrational motion of atoms in solids is quantized and its quanta are called phonons, so
thermal energy in solids can be extracted via electron-phonon interactions (phonon
annihilation) involved in anti-Stokes fluorescence cooling process as explained in this
dissertation and related references.
Fig. 1.1 illustrates the thermal energy scaling for different degrees of freedom in
a gaseous system [7], and it shows that an ultra-cold system (temperature near zero
Kelvin) could be realized via direct laser cooling of atoms [8]. Although solids would
never be cooled as low as gases, optical refrigeration in solids provides the proper
cornerstone for developing all solid-state optical refrigerators and it is more applicable to make compact devices, and most importantly, one can achieve net cooling
of a bulk ensemble via solid-state laser cooling. An all solid-state optical-cryocooler
is inherently vibration free and could be compact with relatively long lifetime com-

Figure 1.1: Thermal energy scaling for materials in different regimes and degrees of
freedom [7].
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Figure 1.2: Schematic diagram for anti-Stokes fluorescence cooling process.
pared to mechanical cryocoolers. With the advances in optical refrigeration of solids
realization of such optical cooler devices is within reach [3]!
The idea of optical refrigeration (anti-Stokes fluorescence cooling) was proposed
by P. Pringsheim [9] in 1929, and was first experimentally demonstrated in Ybdoped ZBLANP (ZrF4 -BaF2 -LaF3 -AlF3 -NaF-PbF2 ) glass by R. Epstein et al. [10]
at Los Alamos National Laboratory (LANL) in 1995. Optical refrigeration in solids
relies on anti-Stokes fluorescence [11] where absorption of coherent light (i.e. laser)
with photon energy hν is followed by efficient spontaneous emission (fluorescence)
with a mean energy of hνf > hν as shown schematically in Fig. 1.2 for a two manifold
system. In this endothermic process the extracted thermal energy (∝ hνf − hν)
is removed from the system in the form of spontaneously emitted higher energy
fluorescence photons.
It took 66 years to experimentally observe net optical cooling in solid phase due

3

Chapter 1. Motivation for mid-IR Optical Refrigeration Research

to the unavailability of coherent low entropy light sources, and the lack of high
purity materials. With the invention of the laser in the 1960s [12], a narrow spectral (low entropy) power source became available, and later with the advances in
purification of materials laser cooling of solids became feasible. The onset of fiber
optical communications era in the late 1980s and its demand for extremely high
purity materials provided researchers with the opportunity to use fluorozirconate
ZBLAN and ZBLANP glass as suitable host materials for laser cooling experiments.
Recently, with the advancements in the growth of Rare Earth (RE)-doped crystals
using 5 nine (99.999 %) purity starting material, considerable advances in laser cooling of solids have been achieved [2, 3].
It was realized that only systems with high quantum efficiency could be cooled with
laser light, otherwise nonradiative decay could cause significant heating. A. Kastler
proposed Lanthanide or RE-doped transparent solids as potential candidates for optical refrigeration due to their high quantum efficiencies [13]. As mentioned above,
besides the doped ions, another important factor for cooling grade solids is having
high purity which reduces the parasitic background absorption αb as another source
of heat. Compared to glass, crystals as a host material have less constituents, so
they could possibly be grown more easily with higher purity due to introducing less
impurities from starting materials. It is notable here that this point is not generally
true, for instance in laser cooling of Silica glass (SiO2 ), the material has just a few
constituents. Most importantly, crystals have less inhomogeneous broadening, and
they can be grown with higher (stoichiometric) doping concentrations. Moreover,
host materials with low-phonon energies (≈< 450 cm−1 ) can further suppress multiphonon relaxation mechanism and offer extremely high external quantum efficiencies
(ηext ) which is very important for optical refrigeration research [3, 5]. Overall, REdoped fluoride crystals are promising laser cooling candidates due to having both
high ηext and small inhomogeneous broadening.
Figure 1.3 shows a guide map to select RE-doped materials for laser cooling appli-
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Figure 1.3: Phonon energy vs. energy of the first excited state labeled for different
host materials and RE3+ ions as the material selection guide for laser cooling in
solids [5].

cations [5]. This map shows various RE3+ ions versus different host materials which
are listed according to the optical phonon energy of the material. The maximum
phonon energy ~ωmax (black solid line), which is equivalent to ≈ 8 simultaneous
non-radiative decays from the excited state to the ground state multiplet of selected
RE-doped material [5, 14]) is also plotted in Fig. 1.3. ~ωmax line shows the theoretical borderline for a system to exhibit net cooling, so the materials selected within the
blue region have potential to cool. So far, most of the efforts towards cryogenic optical refrigeration in RE-doped solids have been focused on Yb-doped YLiF4 (YLF)
systems with the world record cooling temperature of 91 K for a 10% Yb-YLF crystal [2].
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As seen in Fig. 1.3, Tm- and Ho-doped YLF and BaY2 F8 (BYF) crystals are potential
laser cooling candidates in the mid-IR regime. In general, host materials with lower
phonon energies (such as BYF vs. YLF), which are expected to demonstrate higher
external quantum efficiencies (EQEs), are more favorable for laser cooling applications. This dissertation investigates various Tm- and Ho-doped crystals to obtain
materials which are potentially able to exhibit laser cooling efficiency enhancement
and promising optical refrigeration results in the mid-IR. Full characterization of
such materials was accomplished via performing detailed low-temperature spectroscopic analysis for samples, so the minimum achievable temperature (as a figure of
merit) could be estimated for such cooling grade materials. Then the idea of the
laser cooling efficiency enhancement in mid-IR, which was initially proposed and investigated by C. Hoyt [15] in 2000, is revisited and conditions to achieve such laser
cooling efficiency enhancement are discussed.
The first demonstration of optical refrigeration in Tm:YLF crystal [16] and in any
Ho-doped material [17], and their great promise for optical cryocooler and radiation
balanced lasers (RBL) is reported. Experimental efforts to develop a high power
Thulium doped fiber amplifier (TDFA) as a high power coherent source operating at
suitable wavelengths for realization of the first mid-IR optical cooler as well as RBL
is reported [18].
In short, RBL is an optically pumped solid-state (or fiber) laser in which anti-Stokes
fluorescence cooling process inside the gain medium mitigates or balances the generated heat inside the gain medium due to laser quantum defect and non-radiative
processes such as parasitic background absorption as schematically shown in Fig. 1.4.
In the following the basics of anti-Stokes fluorescence cooling process and motivation
for mid-IR optical refrigeration research are presented.
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Figure 1.4: Schematic diagram of optical processes in a Radiation Balanced Laser.

1.2

Anti-Stokes Fluorescence Cooling and Motivation for mid-IR Optical Refrigeration

Optical refrigeration relies on anti-Stokes fluorescence [9] where absorption of coherent light (i.e. laser) with photon energy hν is followed by efficient emission of high
entropy spontaneous emission (fluorescence) with a mean energy hνf > hν as shown
schematically in Fig. 1.5 for a Ho3+ ion [17]. The excess energy in fluorescence must
be extracted from the internal energy of the system (e.g. phonons), thus leading to
net cooling. The optical cooling efficiency ηc , defined as the heat-lift per absorbed
photon, is expressed as [11]:
ηc =

Pcool
hνf
=p
−1
Pabs
hν

(1.1)

where p ≤ 1 denotes the probability that an absorbed pump photon will lead to a
fluorescence photon exiting the system.
Anti-stokes fluorescence cooling is investigated at the tail of the absorption spectrum
of the sample, above its mean emission (fluorescence) wavelength λf , so called the
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“laser cooling tail (λ ≥ λf )”. The laser cooling tail for Ho3+ :YLF is illustrated as
the shaded blue region in Fig. 1.5 (b) under the absorption spectrum and above λf .
Anti-Stokes fluorescence cooling will be explained extensively in chapter 3.
According to Eq. 1.1, a large detuning of the pump laser energy hν from mean
fluorescence energy hνf is favorable to achieve higher cooling efficiencies; however,
a sharp drop in the resonant absorption coefficient at large-red-detuning from hνf ,
effectively sets a practical limit on pump detuning to hνf −hν ≈ O(kT ) which in turn
entails p > 1 − kT /hν ≈ 98% assuming ≈ 1 eV transition at room temperature [17].
To date, considerable advances in optical refrigeration of solids have been achieved
in laser cooling of Yb:YLF crystal, reaching temperatures as low as 91 K in a
10% Yb:YLF crystal [2, 19]. A major milestone in optical refrigeration reported
recently involved the long-awaited tangible application of this technology: an arbitrary load (in this case a HgCdTe IR sensor [20]) was cooled to 135 K which marks
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Figure 1.5: (a) The ground state and first excited state multiplets of Ho3+ :YLF
crystal and anti-Stokes fluorescence cooling process in this material, (b) the resonant
absorption αr and emission spectra S(λ) of typical Ho:YLF crystal along with its
cooling tail (shaded region in blue) where optical refrigeration is investigated.
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Figure 1.6: The all solid-state optical cryocooler based on a Yb:YLF crystal [3, 20].

the first realization of an all-solid-state cryogenic refrigerator device with a universal
cold-finger [3] as shown in Fig. 1.6. Such cryocoolers offer certain advantages over
their existing mechanical counterparts, as they are virtually vibration-free and can
have superior reliability and lifetime, due to their lack of moving parts. Currently,
a drawback of this technology is its rather low efficiency (< 1%). This limitation,
however, is not a fundamental one: it has been suggested that with larger detuning
(in extremely high purity crystals) and/or fluorescence harvesting (e.g. using photovoltaic convertors [21] or Stokes shifters [22]), this is only limited by the Carnot
efficiency [22].
An alternative to enhancing the efficiency is to use lower energy transitions. This
becomes apparent by rewriting Eq. 1.1 assuming p ≈ 1 and a detuning of ≈ kT ,
which gives ηc ≈ kT /hν, signifying an inverse scaling of cooling efficiency with
photon energy. This scaling law was first validated by cooling 1% Tm:ZBLANP
glass at λ ≈ 2000 nm, thus improving the efficiency nearly two-fold over Yb-doped
systems [15]. Later, Tm:BYF crystal was also cooled successfully with improved
performance [23]. Attempts to cool Ho-doped chloride and bromide crystals were
unsuccessful, possibly due to OH-absorption [24]. As mentioned above, due to the
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relatively low efficiency of optical coolers, efforts to enhance laser cooling efficiency
were pursued. In this dissertation, laser cooling of Tm3+ and Ho3+ ions in the most
promising host materials (YLF and BYF) are investigated in detail [16, 17].
Although laser cooling efficiency enhancement as an advantage of mid-IR optical refrigeration has been studied before [15], our recent investigations show that
it demands careful evaluation of temperature-dependent material properties such as
temperature dependent mean fluorescence wavelength (λf (T ) = c/νf (T )) and absorption efficiency (ηabs (λ, T ) = [1 + αb /αr (λ, T )]−1 ) which were not considered in
previous studies. This subject is extensively discussed in chapter 3. Moreover, an
essential requirement for a practical optical cooler is that the load or cold-finger
(Fig. 1.6) must be efficiently shielded from the intense fluorescence emanating from
the cooling crystal using a delicately designed thermal link. An advantage of a mid-

(a)
Si-cavity

requires extremely low-vibration refrigerator with T≤124 K

(b)

Figure 1.7: (a) Si reference cavity developed in Jun Ye group at JILA [25, 26],
(b) proposed optical refrigerator implementation to cool the Si cavity [26].
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IR optical cryocooler is that it could potentially be thermal link and cold finger free
to cool certain devices that are transparent to the 2 µm fluorescence light. One of the
motivations of this research is developing an optical refrigerator which can be highly
beneficial to cool NIST single-crystal Si reference cavities [25, 26] that is shown in
Fig. 1.7 (a) and (b). Also, mid-IR optical refrigeration might be beneficial for silicon
photonics applications as a demanding approach toward quantum technologies [21].
A figure of merit for any cooling-grade material is its so-called minimum achievable
temperature (MAT). This quantity is defined by the lowest temperature at which ηc
vanishes and subsequently turns negative (i.e. enters the heating regime). MAT is
not a fundamental property of a dopant or host, rather it is highly sensitive to the
growth quality and purity of any given material. In this dissertation, the effect of the
width of the ground state and excited state energy multiplets of RE-doped materials
on their MAT and cooling efficiency enhancement in mid-IR is thoroughly investi-
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gated in chapter 3. Such functional dependence on the widths of energy multiplets
are indeed the key factors that have rendered YLF a suitable host material for optical
refrigeration due to its rather weak Stark crystal field acting on RE dopant ions. Similarly, the main motivation of investigating Ho3+ :YLF in mid-IR is the fact that it has
narrower ground and excited state multiplets (δEgs = 303 cm−1 , δEes = 140 cm−1 )
compared to Tm3+ and Yb3+ (YLF) crystals as shown in Fig. 1.8 [17].
An advantage of mid-IR optical refrigeration is related to the material purity.
Based on Yb cooling results [30], the current assumption is that the major contamination is caused by transition metal ions (e.g. iron [31]), which have much smaller
absorption cross-sections in the mid-IR compared to the near-IR [32]. Fig. 1.9 depicts
the absorption cross-section of the most common transition metal ion impurities in

Yb+3

Tm+3, Ho+3

Figure 1.9: Absorption cross section of well known impurities (transition metals) for
ZBLAN glass [32] in near- and mid-IR along with the laser cooling window of Yb3+ ,
Tm3+ and Ho3+ ions.
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ZBLAN glass [33, 34] as well as laser cooling windows in near- and mid-IR. It should
be noted that Fig. 1.9 is just a representative of the transition metal ion absorption spectra in fluoride crystals, so the actual data for such crystals still have to be
demonstrated experimentally. As seen in Fig. 1.9, transition metals such as Co and
Cu have much lower absorption cross-sections in mid-IR, so obtaining cooling grade
materials in this regime might be easier. This is important since the growth process
is very time consuming and costly.
Another promising application for mid-IR cooling grade materials is to be used
as the gain media of RBLs or athermal lasers. Such lasers have been proposed
by S. Bowman in 1999 [27], and a high power RBL in near-IR using a Yb-doped
(Y3 Al5 O12 ) YAG rod exceeding 500 W output power was demonstrated by S. Bowman in 2010 [28]. So far, RBLs have been observed in Yb-doped crystals [28, 29],
the advances towards the realization of such RBLs in the mid-IR will be discussed
in chapter 4 of this dissertation.
This dissertation is organized as follow. In chapter 1, the historical background
of optical refrigeration and anti-Stokes fluorescence cooling process in solids is presented, and the motivation for mid-IR optical refrigeration towards developing midIR optical cryocoolers and RBLs are discussed.
Chapter 2 discusses a quick review on nonlinear optics and optical parametric
processes, then it describes the design and construction of a high power Continuous
Wave Optical Parametric Oscillator (CW-OPO) as a broadband mid-IR coherent
source for optical refrigeration and RBL experiments. Experimental challenges for
developing a mid-IR CW-OPO which is suitable for optical refrigeration of Tm- and
Ho-doped materials is discussed in detail.
In chapter 3, optical refrigeration and spectroscopic analysis of different Tm- and
Ho-doped materials are presented.
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Laser Induced Temperature Modulation Spectroscopy (LITMoS) test as a standard
experiment to evaluate cooling grade materials is explained and experiments for
demonstrating optical refrigeration in Tm- and Ho-doped materials are reported.
The most important laser cooling parameters of each sample such as external quantum efficiency ηext , background absorption αb , and mean fluorescence wavelength
λf are reported. We should note that the material characterization studies, which
are carried out in this research, have resulted in the first demonstration of optical
refrigeration in Ho:YLF and Tm:YLF crystals. Room- and low-temperature spectroscopic analysis of various Tm- and Ho-doped crystals are thoroughly investigated to
obtain the MAT as a figure of merit for cooling grade materials. Finally, conditions
to achieve cooling efficiency enhancement in mid-IR are analyzed.
In chapter 4, potential application of Tm- and Ho-doped crystal as the gain media
of mid-IR RBL is discussed and the modeling and optimization of such RBLs for each
cooling grade crystal is presented. Latest experimental efforts towards the realization
of the first mid-IR RBL are reported in chapter 4 as well.
Finally the summary of the results, conclusion, and future work are discussed in
chapter 5.
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Chapter 2
CW-OPO as a mid-IR Coherent
Source for Optical Refrigeration

2.1

Introduction

Lasers are among the most important inventions of the past century which are widely
implemented in scientific research and advanced technology such as in telecommunication, information technology, mass production, material processing, and medical
diagnosis. These all came true through developing different kind of lasers such as
semiconductor lasers, fiber lasers and solid-state lasers. Also, some of the major
scientific achievements like Bose-Enstein Condensation (BEC) [1], optical refrigeration [10], and most recent advances in quantum networks and quantum computing
with optical lattices have been realized via using lasers.
Although lasers have been advanced greatly during past few decades, many regions
of the optical spectrum are still inaccessible due to the unavailability of suitable laser
gain media. Specifically, finding widely tunable lasers within the ultraviolet (UV),
visible, and near- to mid-IR range is hardly possible. It is notable that semiconduc-
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OPOs versus Tunable Lasers
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Figure 2.1: A comparison between the tuning range of the most common lasers and
OPOs from UV to mid-IR range [35].

tor lasers are available in almost all the regions of the optical spectrum; however,
certain factors such as good beam quality, high power operation, and tunability have
limited their applications.
Figure 2.1 shows a comparison between the tuning range of some of the common lasers
and OPOs from UV to mid-IR range [35]. As seen, some wavelength regions are accessible via dye lasers which are not suitable gain media to achieve narrow-linewidth,
single frequency operation for lasers, so development of new type of coherent sources
in specific regions of the optical spectrum is unavoidable [36].
Optical parametric oscillators (OPOs) are able to cover a wide region of the optical spectrum in mid-IR which is hardly accessible by conventional lasers especially
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for wavelengths beyond 3 µm as depicted in Fig. 2.1. Generally, OPOs offer relatively high-power operation with high slope efficiencies in solid-state designs which
are accessible at all time scales from continuous wave (CW) to femto-seconds. Since
photon generation in OPOs is a parametric process which conserves the energy for
the pump and generated photons, such coherent sources usually do not have thermal issue which is in general a challenging problem with lasers due to the quantum
defect [36].
The OPO is a radiation source which converts a fixed pump-laser photon at wavelength λp to two lower-energy (longer wavelength) photons so called signal λs and
idler λi (λi > λs > λp ) via nonlinear optical process as explained later in this chapter.
The wavelengths of the generated signal and idler photon pairs are defined via phase
matching condition inside the nonlinear crystal as a result of the conservation of the
energy and momentum for the parametric nonlinear process. It should be noted that
the operation of OPOs is greatly dependent on the spectral and spatial quality of the
pump laser and also on the properties of the nonlinear crystal. Although, the optical
parametric conversion was theoretically possible, demonstration of the first OPO was
delayed for many years due to the unavailability of suitable laser sources and proper
nonlinear crystals. The first OPO prototype was demonstrated by Giordmaine and
Miller in 1965 [37]; however, it took more than 20 years until OPOs become mature
enough to be considered as reliable coherent light sources due to the gradual development of new nonlinear optical materials and pump laser sources. Today, OPOs
are available in CW and pulsed modes from UV [38] to visible [39] and mid-IR using
different type of new nonlinear crystals such as BaB2 O4 (BBO), LiB3 O5 (LBO) and
BiB3 O6 (BIBO), LiNbO3 (LN), Li-Tantalates [36].
As explained in chaper 1, high-power, widely tunable, CW coherent source (similar
to Ti-Sapphire laser in near-IR) is required to investigate optical refrigeration of Tm
and Ho-doped crystals. CW-OPOs could provide researchers with such coherent radiation sources in a simple and cost-effective design. It should be noted that the cost
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Figure 2.2: a) DRO, b)SRO, c)PE-SRO, d)TRO, e) IC-SRO designs for an OPO.

of developing the lasers in this regime is much higher than near-IR due to the technical challenges (such as water absorption) and having much smaller market (usually
custom made), so CW-OPOs are suitable and reliable candidates to develop affordable home-made coherent sources in mid-IR with good spectral and beam qualities
and relatively high powers (several watts) offering a wide tuning range. They are
also considered as suitable seed sources for different kind of laser amplifiers for the
similar reasons which would allow researchers to power scale laser operations in such
combinations. Later in chapter 3, a CW-OPO is implemented as the seed source
for a Thulium doped fiber amplifier (TDFA) to achieve high power mid-IR coherent
source for laser cooling experiments.
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OPOs are constructed by putting an Optical Parametric Amplifier (OPA) medium,
which is a high nonlinearity χ(2) crystal, inside an optical cavity. Depending on the
number of resonating waves in the cavity, the OPOs are termed as doubly resonant
oscillator (DRO), singly resonant oscillator (SRO), pump-enhanced singly resonant
oscillator (PE-SRO), triply resonant oscillator (TRO) or intra-cavity singly resonant
oscillator (IC-SRO) as depicted in Fig. 2.2. Each of these OPO cavity configurations
has its own advantages and disadvantages, and it is designed for certain applications; however, the CW-SRO design offers the most viable solution for parametric
generation of high-power, continuous wave, widely tunable, single-frequency radiation [36]. The main issue with CW-SRO is having the highest operation threshold
power compared to the other OPO configurations which makes its alignment and operation much more challenging. The first CW-SRO was developed by Yang et al. [40]
in 1993 using a birefringent KTP crystal. Since then, a lot of advances have been
achieved via the development of quasi-phase-matched (QPM) materials and using
fiber lasers as OPO pump sources which have opened up new opportunities in the
field of optical parametric oscillators and nonlinear optics [41–47].
So far, the majority of CW-SROs, from visible to mid-IR, have been developed by
using QPM periodically poled Lithium Niobate (PPLN) crystals. In this research a
widely tunable (1.7-2.8 µm), temperature tuned, PPLN-based CW-SRO is designed
and constructed to achieve relatively high-power mid-IR coherent radiation suitable
for solid-state laser cooling of Tm- and Ho-doped materials. Several OPO pump
lasers (disk and fiber lasers) in different cavity designs were used to tackle challenging issues such as strong water absorption close to 1890 nm, and broad lasing
spectrum close to the degeneracy point, and to achieve stable narrow linewidth operation of CW-OPO over a long period of time (≥ 1 hour) which is essential for reliable
laser cooling experiments.
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2.2

Theory of Optical Parametric Amplification

Optical Parametric Amplification is studied in the context of the interaction of electromagnetic radiation with matter. Interaction of an electromagnetic wave with a
dielectric material induces a polarization (the dipole moment per unit volume) due
to the displacement of the valence electrons from their stationary orbits inside the
medium. The magnitude and direction of the induced polarization depend on the
conditions of the applied electric field on the medium such as magnitude, the direction of propagation, and the polarization of the electromagnetic field. In general, the
induced polarization, P , is expressed as a power series of the applied electric field as
shown in Eq. (2.1) [48, 49],
~ + χ(2) E
~ 2 + χ(3) E
~ 3 + ...),
P~ = 0 (χ(1) E
P~ = P~ L + P~ N L ,
(2.1)

~
P~ L = 0 (χ(1) E),
~ 2 + χ(3) E
~ 3 + ...),
P~ N L = 0 (χ(2) E

~ is the electric field component of the
where 0 is the permittivity of the vacuum, E
electromagnetic wave, and χ(n) is the susceptibility tensor of the order of n.
When the materials are exposed to the low intensity light, the strength of the electric field is relatively small so that the nonlinear terms in susceptibility tensor χ(n)
could be ignored, and everything becomes linear; however, in optical phenomena
which involve interaction with high intensity light, higher order terms of susceptibility tensor(χ(2) , χ(3) , ...) should be taken into account at such high intensities. The
profound physical phenomena like new frequency generation involved with the interaction of high intensity light with matter are studied in nonlinear optics which was
initiated with demonstration of second-harmonic-generation (SHG) in quartz [50].
As the discussion on optical parametric oscillations involves second-order nonlinear
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processes, the theoretical discussion will be limited to the second-order nonlinear
susceptibility. Discussions of higher order nonlinear interactions can be found in a
multitude of reference [48, 51].

2.2.1

The Second-Order Nonlinear Polarization

The second-order nonlinear polarization is expressed as follows
~ 2)
P~ N L = 0 (χ(2) E

(2.2)

where χ(2) is the second-order nonlinear susceptibility tensor, which exists only in
noncentrosymmetric materials (materials without center of inversion in the point
symmetry group).
It is more common to use the d -tensor notation rather than χ(2) as it is widely used in
textbooks and experimental literature [48, 49], also equations are very well tabulated
in this notation using the Kleinman symmetry [48],
(2)

dijk =

χ(ijk)

(2.3)

2

d -tensor notation is commonly used in coupled wave equations in nonlinear optics
as discussed later in this chapter.
Assuming that two light beams at two distinct frequencies ω1 and ω2 are interacting
with a χ(2) material as shown in Eq. 2.4,

~ = E~1 e−iω1 t + E~2 e−iω2 t + c.c.
E(t)

(2.4)

where c.c. stands for complex conjugate terms, then the nonlinear polarization would
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has the following terms,
P~ N L (t) =

X

P (ωn )e−iωn t

n=1,2

(2.5)
= χ(2) [E~12 e−2iω1 t + E~22 e−2iω2 t + 2E~1 E~2 e−i(ω1 +ω2 )t + 2E~1 E~2∗ e−i(ω1 −ω2 )t + c.c.]
+ 2χ(2) [E~1 E~1∗ + E~2 E~2∗ ]
The first two terms on the right hand side of Eq. (2.5) explain the second harmonic
generation (SHG) process and the third and fourth terms represent the sum frequency
generation (SFG) and difference frequency generation (DFG) processes respectively,
and the last term is termed as optical rectification (OR) [48]. The complex conjugate
terms in Eqs. (2.4) and (2.5) do not lead to new physics other than those mentioned
above.
Figure 2.3 illustrates all the frequency dependent second-order nonlinear optical
processes that emerge from the interaction of intense light beams with a χ(2) mateSFG/DFG/SHG
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𝜔2

𝜒 (2)
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𝜒
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(c)
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𝜒
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Pump

(2)
𝜔3
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Figure 2.3: Second-order nonlinear processes involved in a χ(2) material including a)
SFG/DFG/SHG, b) OPA, and c) OPO.
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rial. As seen, in SFG and DFG, photons of light beams at two distinct frequencies
can be mixed to generate new higher (ω1 + ω2 ) or lower (ω1 − ω2 ) energy photons. It
should be noted that in all of these optical processes, the energies of the contributing
photons have to be conserved. In case of SHG, two photons with the same frequency
are mixed-up adiabatically to generate a new photon with the energy twice that of
contributing photons ( ω1 = ω2 = ω, ω3 = 2ω).
The frequency independent second-order nonlinear processes are termed as optical
rectification or OR (ω1 = ω2 = ω, ω3 = 0) and Pockels effect (ω1 = 0, ω2 = ω3 = ω)
depending on having static output or input electric field in the nonlinear process [36].
Figure 2.3 also shows another second-order nonlinear process called down-conversion
or optical parametric generation (OPG), which involves one input photon at frequency ω1 resulting in one photon pair with lower frequencies (ω2 and ω3 ) so-called
signal and idler in which the one with lower frequency is called idler. When an optical
cavity is used to establish oscillations and enhance the optical parametric conversion
efficiency by resonating signal or idler or both as illustrated in Fig. 2.3, the resulting
device is called an optical parametric oscillator (OPO).

2.2.2

Quasi-Phase-Matching

The optical parametric conversion is a type of process in χ(2) materials which can
be greatly enhanced by setting up an optical cavity around the material to increase
optical parametric conversion efficiency via providing more signal or idler photons required for such process; however, besides the energy conservation for theses nonlinear
optical processes, the momentum of the contributing and generated waves should also
be conserved. The condition to establish such nonlinear optical processes is called
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the phase matching condition as shown in Eq. 2.6 in case of perfect phase matching;
ω3 = ω1 + ω2

(2.6)

k~3 = k~1 + k~2

However practically, there is always some amount of phase mismatch ∆~k = k~3 −k~1 −k~2
which reduces the efficiency of the nonlinear process, and in ∆~k relation kj = 2π/λj .
In fact, the relation between phase mismatch ∆~k and efficiency of the nonlinear
process is obtained by solving the electromagnetic wave equation in a χ(2) material
using the nonlinear polarization in Eq. 2.2 as the source term (in absence of free
charges ρ = 0 and currents ~j = 0). A series of coupled wave equations for the electric
field components of the involved beams in the nonlinear process are extracted in a
slowly varying envelope approximation (SVEA) [48] as shown in Eq. 2.7,
d
A1 = −iκA3 A∗2 e+i∆kx
dx
d ∗
A = +iκA1 A∗3 e+i∆kx
dx 2
d
A3 = −iκA1 A2 e−i∆kx
dx
d
(ω1 |A1 |2 + ω2 |A2 |2 + ω3 |A3 |2 ) = 0
dx
where Am =

(2.7)

p
p
nm /ωm Em and κ = d (µ0 ω1 ω2 ω3 )/(0 n1 n2 n3 ) is a constant factor in

which µ0 and 0 are permeability and susceptibility of the vacuum. Solution to these
coupled wave equations provides the analytical form of the electric field vectors for
each beam so that the efficiency can be obtained from the ratio of the intensity of
driving and generated field components [48]. For example in SHG, the efficiency is
defined as shown in Eq. 2.8 [48],

ηSHG

I2ω
2ω 2 d2 L2
=
= 2
Iω
nω n2ω



µ0
0

3/2

sinc2 [

24

∆kL
]
2

(2.8)
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2
where I2ω = (0 n2ω c/2) |E2ω
| is the intensity of the SHG field, and Iω is the intensity

of the driving field.
As seen in Eq. 2.8, the efficiency of the SHG process is strongly dependent on the
phase mismatch ∆~k as the argument of the sinc function, so it can reach really high
efficiencies if the condition for perfect phase matching ∆~k = 0 is met. The origin of
such phase mismatching is through the wavelength dependency of the refractive indices for waves at different frequencies and wave vectors (k = n(ω)ω/c). As the waves
with different frequencies propagate through the nonlinear medium at different phase
velocities, a phase mistach between contributing waves would be accumulated. If the
phase matching condition is not fulfilled, then the SHG efficiency oscillates along the
crystal length L as illustrated in Fig. 2.4. There is a critical length lc = π/∆k so
called the coherence length over which the induced nonlinear polarization and the
generated fields stay in-phase and the power constantly flows from the driving nonlinear polarization to the generated waves. This scenario is reversed over the next
coherence length as they become out of phase as waves propagate and the power
flows back to the driving wave [36]. Now the question is how perfect phase matching
condition can be achieved to get the maximum efficiency from a nonlinear process?
Generally, there are two different techniques to achieve perfect (or near perfect)
phase matching which are called (a) Birefringent Phase-Matching (BPM) and (b)
Quasi Phase-Matching (QPM) [48]. BPM is the most common technique to achieve
perfect phase matching by using the birefringency of the nonlinear medium which
results in different refractive indices for contributing waves at different polarizations,
so by exploiting such polarization-dependent refractive index property and manipulating the polarization of the driving and generated waves one can achieve perfect
phase matching [36]; however, this case in not of particular interest in this study,
and discussion on BPM is explained in standard textbooks and even tabulated in
some handbooks and field guides [48, 49, 52].
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An alternative technique to reach near perfect (not 100 %) phase matching condition is QPM in which a monotonic power flow from driving filed to the generated filed
is maintained via introducing a π-phase shift for the nonlinear coefficient (d → −d)
of the medium as shown in Fig. 2.5(b) for PPLN crystal [36]. The additional πphase shift, keeps the driving and generated waves in-phase over the second period
of the coherence length lc so the efficiency doesn’t drop over the entire length of
the nonlinear medium as the waves propagate. Fig. 2.4 shows the generated filed
amplitude enhancement under perfect phase matching, QPM, and with wave vector
mismatch that shows oscillatory behavior. In QPM, the phase mismatch between
pump, signal, and idler fields is compensated by a wave vector (∆k = kG = 2π/ΛG )
attributed to the grating period (ΛG ) of the PPLN crystal as shown in Fig. 2.5 by
k~G = k~3 − k~1 − k~2 . An energy diagram in Fig. 2.5(b) also shows the energy conservation between pump, signal, and idler fields diagrammatically. By adjusting the

Field amplitude

phase matching via changing the sign of the nonlinear coefficient after each coher-

𝑧/𝑙𝑐
Figure 2.4: Field amplitude under the conditions of perfect phase matching, quasi
phase matching, and phase mismatched conditions for contributing fields [48].
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Figure 2.5: a) Optical parametric conversion in
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4
and its design parameters such as lc and ΛG , and c) energy diagram for second-order
parametric process.

ence length lc , the generated output power builds up in a stepwise fashion at each
coherence length segment as shown in Fig. 2.4 [36, 48]. Although, the conversion efficiency for QPM method is lower than BPM, it has some advantages over BPM such
as using the same polarization for all fields, not requiring angle-tuning of the crystal,
possibility to use much longer crystals to compensate lower efficiencies (especially for
materials with low nonlinearities), and possibility to design multiple grating chips
for wide tuning range (or fan-out designs). Such advantages make QPM a popular
technique to achieve phase matching for optical parametric processes [36].
In OPOs, the generated frequencies are determined by energy and momentum
conservation as explained in the phase matching discussion. An advantage of the
OPO over the laser is its ability to change the phase matching condition by manipulating a physical parameter such as refractive index so that a tunable coherent
source can be realized. The most common techniques to manipulate the refractive
indices are angle or temperature tuning while other techniques such as pump tuning,
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electro-optic and pressure tuning also have been used which are useful for fine tuning
of the OPO output [36]. In QPM technique, the pump, signal, and idler are propagating in the same direction so that the k-vector phase matching can be written as
Eq. 2.9, so for a set of refractive index values, there are be a pair of signal and idler
photons that fulfill the phase matching condition,
(2.9)

n3 ω3 = n1 ω1 + n2 ω2 + 2πc/ΛG

A standard technique to generate new frequencies through parametric process with
QPM method is to change the refractive indices by changing the temperature of the
nonlinear crystal mounted inside a stable oven. The results for a temperature tuned
CW-OPO using QPM method will be presented in section 2.4.

2.3

Optical Cavity Design for mid-IR CW-OPO

There are certain criteria to design an OPO as discussed below.
(a) Selecting Suitable Nonlinear Crystal
A good nonlinear crystal has high non-linearity (figure of merit or FOM), broad
transparency range, phase matching possibility at desired wavelengths, good thermal
conductivity, high optical damage threshold, availability in different forms such as
periodically poled chips with high quality and large sizes, good chemical stability
(non hygroscopic), and being low cost.
√
The figure of merit for a nonlinear crystal is F OM = def f / np ni ns where def f is the
effective nonlinearity factor, and np , ni , and ns are pump, idler, and signal refractive
indices respectively. In general, the F OM could be related to a single refractive
index as F OM ∝ n9/2 , so materials with large refractive index in IR range would
exhibit larger F OM . In this research 5 cm long (L = 5 cm), HC-Photonic MgO-
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doped PPLN crystal with multiple grating periods from ΛG =30 µm to 37 µm are
used to construct a mid-IR CW-OPO tunable from 1.7 µm to 2.8 µm. The PPLN
crystal is placed inside an HC-Photonic oven with temperature accuracy of 0.1◦ C,
and the temperature is changed from 23◦ C to 200◦ C to tune the wavelength. The
facets of the crystals were (Anti-Reflection) AR-coated for desired pump, signal, and
idler wavelengths.
b) Selecting Proper Pump Source
High power OPOs require high power, narrow linewidth pump sources with excellent
beam quality. This means for a given pump linewidth with specific beam divergence,
there would be an upper limit for the useful crystal length to achieve maximum
nonlinear gain. These considerations are usually discussed as the pump acceptance
bandwidth for different parameters such as angle, temperature, wavelength and can
be found in standard nonlinear optics textbooks [48, 49, 53]. Generally, shorter crystal lengths can tolerate larger deviations of the pump beam parameters from their
optimum values; however, short crystals would not provide much gain for CW operation, so for CW-OPO one should preferably use single frequency high power pump

S() (Normalized)

P (W) 𝛥𝜆 (nm)
1.0

24 W
36 W
57 W
77 W
98 W
116 W

0.5

0.0
1068 1069 1070 1071 1072 1073

24

0.66

36

1.06

57

1.42

77

1.74

98

1.91

116

2.12

 (nm)

Figure 2.6: Power dependent linewidth (∆λ) of 1070 nm fiber laser which is used as
the pump source for CW-OPO.
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lasers to operate the OPO efficiently. In this research, at different phases of the
project, three different pump lasers were used: 1) 20 W ELS Versa Disk Yb:YAG
laser at ≈ 1030 nm with linewidth of ∆λ ≈ 2.4 pm, 2) 500 W IPG Photonics
YLR-500-SM fiber laser at 1070 nm with ∆λ ≤ 6 nm, and 3) 50 W IPG Photonics
YLR-50-1020-SM fiber laser at 1020 nm with ∆λ = 0.25 nm.
A single frequency, high power laser at 1070 nm as the pump source for CW-OPO
would be a suitable choice for optical refrigeration of both Tm- and Ho-doped crystals. Although a 1070 nm fiber laser is available in the laboratory for such OPO,
the extremely broad and power dependent linewidth of this laser was an obstacle to
achieve high power operation. Figure 2.6 shows the power dependent linewidth of

𝜆𝑠 ~1750 nm
Slope = 0.226

𝜆𝑠 ~1820 nm
Slope = 0.209

(a)

𝜆𝑠 ~1770 nm
Slope = 0.321

(b)

(c)

𝜆𝑠 ~1870 nm
Slope = 0.375

(d)

Figure 2.7: Slope efficiency of the CW-OPO pumped with 1030 nm ELS Versa Disk
laser with ∆λ ≈ 2.4 pm and Pmax ≈ 20 W

30

Chapter 2. CW-OPO as a mid-IR Coherent Source for Optical Refrigeration

the 1070 nm fiber laser at different powers which cause very small tuning range due
to the limited pump acceptance bandwidth for L = 5 cm MgO:PPLN.
The 1030 nm pump laser was the best laser in terms of having extremely narrow
linewidth (∆λ ≈ 2.4 pm) and excellent beam quality; however, its wavelength is
not suitable for optical refrigeration of Ho-doped crystals as its degeneracy point
(λdeg. = λs = λi = 2060 nm) is almost at the middle of the laser cooling tail of
Ho-doped materials. The first mid-IR CW-OPO in this project was designed for an
idler resonant SRO (see Fig. 2.2 (c)) and constructed with 1030 nm pump laser. The
OPO was operating with very high slope efficiencies (≈ 38%) as shown in Fig. 2.7;
however, as mentioned above, due to the limited tuning range for mid-IR optical refrigeration of Ho-doped materials, the pump laser was changed to the 1070 nm fiber
laser to achieve OPO signal wavelengths from λ =1700 nm to λ = λdeg. = 2140 nm
which are suitable for characterization of both Tm- and Ho-doped materials. The
change in the pump laser (1030 nm to 1070 nm) caused a limited tuning range close
to the degeneracy point (λdeg. = 2140 nm) where pump acceptance bandwidth is not
that crucial as shown in Fig. 2.8. The CW-OPO operation was tested many times
at different powers of the pump laser with and without Nitrogen purging to rule out
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Figure 2.8: Limited tuning range of the CW-OPO
for idler-resonant SRO (a) without
7
and (b) with Nitrogen purging for the OPO cavity.
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different factors such as alignment issues, pump linewidth, and water absoprtion;
however, the tuning range was not changed as Fig. 2.8 (a) and (b) show for two cases
with and without Nitrogen purging respectively. The only culprit for such an issue
was the pump acceptance bandwidth, so this parameter for two cavity designs (signal
resonant vs. idler resonant SRO) was calculated assuming that the resonating wave
inside the cavity has ∆λs,i ≈ 1 nm linewidth.
~ = k~p − k~i − k~s , and ωp = ωi + ωs one can
Starting from phase matching equations ∆k
calculate pump acceptance bandwidth for idler and signal resonant SRO cavities as
shown in Eq. 2.10 [53];
nsg − nig λ2p
0.433 λ2p
∆λs
−
∆λp ≤
L npg − nig npg − nig λ2s
nig − nsg λ2p
0.433 λ2p
∆λi
∆λp ≤
−
L npg − nsg npg − nsg λ2i

(2.10)

where ng is the group index for signal (s), idler (i), and pump (p) beams. Our calculations show that the signal resonant cavity has larger pump acceptance bandwidth
(∆λp =1 vs. 0.4 nm), so by changing the pump laser to 1070 nm laser, the optical
cavity needs to be modified.
The tuning range of the OPO cavity was improved by this modification; however,
due to the power dependent linewidth of the 1070 nm fiber laser and high threshold
(Pth ≈ 10 W) of the CW-OPO, high power operation for 1070 nm pumped OPO
was not achieved as the linewidth of the 1070 nm fiber laser exceeds the acceptance
bandwidth limit at high powers (P > 36 W) even for the signal-resonant SRO design.
In the following the optical cavity design is briefly discussed, then the final experimental result for the 1070 nm fiber laser pumped CW-OPO is reported.
c) Optimizing Cavity Desing and Mode Matching
It is clear now that the pump source of the OPO plays a critical role in the optical
cavity design. As mentioned before, the pump acceptance bandwidth considerations
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Figure 2.9: (a) DRO design with low threshold for initial alignment, (b) idler and
(c) signal resonant SRO, and (d) a black-body radiation spectrum affected by water
absorption lines within the signal (red region) and idler (blue region) tuning range
of the CW-OPO.
for 1070 nm fiber laser suggest a signal resonant SRO cavity as shown in Fig. 2.9 (c).
In this figure, (a) DRO and (b) idler resonant SRO cavity designs are shown as well
as (d) the water absorption lines in air at the desired signal and idler ranges for
this research. Besides pump bandwidth calculations, it is obvious from Fig. 2.9 (d)
that the water absorption lines are less strong at the signal range (red region) which
is separated from the idler range (blue region) at λ ≈ 2140 nm as the degeneracy
point for 1070 nm pump laser. So the signal resonant SRO design can handle pump
acceptance bandwidth and water absorption issues better than the idler resonant
SRO design.
OPO cavities can be designed in various shapes such as linear, V-shape, X-shape,
and ring cavity as shown in Fig. 2.10. Although the linear cavity is the simplest
one to build, other cavity shapes have the possibility to insert intracavity elements
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Figure 2.10: (a) Linear-cavity, (b) V-cavity, (c) X-cavity, and (d) Ring-cavity designs
for CW-OPO.
such as etalons for narrowing the linewidth of the OPO output which is desirable
for this research or inserting other intracavity elements for nonlinear processes. One
can also use double pass pumping for these cavities to lower the threshold of SRO
design. Although the ring cavity has a lot of advantages such as no pump back
reflection, lower SRO threshold, lower thermal effect, and more stable cavity for
inserting etalons, due to the simplicity of the V-shaped cavity and the availability
of suitable optics for this cavity in the laboratory, a V-shaped cavity was selected
for the mid-IR CW-OPO in this research. Considering a V-shaped cavity for signal
resonant SRO, one can even utilize the high power intracavity signal beam to perform
some experiments if needed.
The final cavity for CW SRO in a V-shaped configuration was designed using
standard ABCD matrix analysis for paraxial waves [49, 54]. The performance of
the OPO strongly depends on the perfect overlap between pump beam and the
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Figure 2.11: The optimum cavity mode of the CW-OPO in the V-cavity design that
is used in the experiments.

resonating beam inside the cavity. The confocal parameters of these two beams need
to be perfectly matched inside the nonlinear medium, and this is called perfect mode
matching. To achieve near optimum mode matching, the waist size of the pump beam
should preferably match with the waist size of the resonating beam at the center of
the nonlinear crystal inside the stable cavity. Using Gaussian beam transformation
matrices for cavity elements in ABCD matrix formalism, one can adjust the cavity
design parameters such as the cavity length and radii of curvature of mirrors etc. to
achieve the optimum design.
Figure 2.11 shows the optimum cavity design for CW-SRO which is used in this
research, and Fig. 2.12 illustrates the pump beam focusing condition at the location
of the PPLN crystal in which z = 0 cm represents the center of the PPLN crystal. In
CW-OPO cavity shown in Fig. 2.11, the waist of the resonant beam (idler or signal)
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Figure 2.12: The knife-edge measurement of the pump beam focused at the location
of the PPLN crystal which has a waist size of w0 = 75 µm, and ζ = 2.16.

is w0 ≈ 75 µm and it is located at d1 ≈ 13 cm from the pump input mirror (M2 in
Fig. 2.13). In Fig. 2.13, M1 and M2 are plano-concave mirrors with R = −20 cm and
M3 is plane and either a HR-mirror (in DRO configuration) or output coupler (OC)
(in SRO configuration) at d2 ≈ 50 cm from M2. The center of the L = 5 cm long
PPLN crystal is located at the waist of the cavity mode where the pump laser at
1070 nm is mode matched with the cavity mode using an lens with focal distance
of f ≈ 17.5 cm which is AR-coated for the pump laser wavelength. All the mirrors
are transparent to the pump laser, but depending on designing an idler resonant or
a signal resonant cavity the coating of the mirrors is different. In an idler resonant
SRO, they are highly reflective (HR-coated) for both idler and signal while in signal
resonant SRO, the mirrors are HR for signal and highly transmitting (HT-coated) for
idler beam. The signal resonant SRO has the advantages that besides the possibility
to perform intracavity experiments with the signal beam, it is possible to have access
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to high power idler beam exiting the cavity at M1. This beam specifically is used
to investigate optical refrigeration of Ho-doped samples in the very long wavelength
region of the cooling tail as will be explained in chapter 3. An issue with signal
resonant SRO is determining its optimum OC as discussed in the following.
d) Selecting the Optimum Output Coupler for SRO
As explained in the previous section, there are advantages for signal resonant SRO;
however, it turns out that selecting an optimum OC for such cavity is more challenging compared with an idler resonant SRO. If the signal is the main product of the
OPO device, in an idler resonant cavity, the signal is accessible simply by using an
edge pass OC as M3 mirror in Fig. 2.13 which is HT-coated for the signal wave and
HR-coated for the idler wave. Such OC keeps idler resonating inside the cavity while
the signal couples out from the OPO cavity. In this idler resonant cavity design,
we have only access to the high power signal beam while idler is trapped inside the
cavity, and it can be reversed by changing the OC to be HT-coated for idler and
HR-coated for signal. It should be noted that one could even have access to the
resonating beam inside the cavity (with edge pass OC) by using a Brewster window
(BW) inside the cavity, but this is not a convenient way to access such beam since
it needs angle tuning, and splits the output beam in two opposite directions at BW.

M1

MgO:PPLN

lens

P1
M3

P3

BW
P2

M2

Pump Laser
(1070 nm)

𝑃𝑙𝑜𝑠𝑠 𝑡𝑜𝑡𝑎𝑙 = 𝑃1 + 𝑃2 + 3𝑃3

Figure 2.13: The schematic of the V-cavity configuration and the setup for measuring
the optimum output coupling for signal resonant SRO.
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If we want to have access to both high power signal and idler beams simultaneously
with minimal alignments, depending on cavity design and the available parametric
gain inside the cavity, the optimum OC should be evaluated carefully. The single
pass parametric gain in a nonlinear crystal is written in Eq. 2.11 [36, 48]. Considering the crystal length, pump intensity, phase mismatch, nonlinearity of the crystal,
refractive indices and generated frequencies, one can estimate the theoretical value
of the single pass parametric gain inside the cavity; however, this calculation gives
us a rough estimate for the gain value, so evaluated OC might not be optimum.
p
Γ2 − ∆k 2 L/4)
G=Γ
− ∆k 2 L/4) L2
2
2ωs ωi def f Ip
Γ2 =
0 np ns ni c3
2

sinh2
L2
(Γ2

(2.11)

Here an experimental approach to finding the optimum OC value for the OPO cavity
is explained. In order to estimate the optimum OC for a resonating beam in an SRO
cavity, one should setup an OPO cavity as depicted in Fig. 2.13 in which M3 is a
HR mirror for either signal or idler depending on the selected coating for the other
𝑡21 𝑟21 𝑡12
𝑟12
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Figure 2.14: Analysis of the Fresnel coefficients for estimating the optimum output
coupler for signal resonant SRO.
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mirrors. Putting an HR mirror as M3 lowers the threshold of the OPO oscillations,
which makes the alignment much easier.
Once the OPO cavity is set up and oscillations are observed (in this case a red upconversion inside the crystal which leaks outside the mirrors as well is a good sign
to visually detect the oscillations), a BW can be placed inside the cavity and three
detectors P1, P2, and P3 are set up as illustrated in Fig. 2.13. Starting from Brewster
angle, depending on the angular alignment of the BW, an estimated intracavity loss
for the specified angle would result in a total leaked power of Ploss(total) = P1 +P2 +3P3
which are recorded with similar detectors after M3 and on two sides of BW. The
factor of 3 in front of P3 accounts for the leaked power through three mirrors of the
cavity (M1, M2, and M3) assuming that all of them have the same amount of power
leakage. Figure 2.14 shows the direct calculations for an estimation of the intracavity
loss attributed to the angular adjustment of the BW. The total estimated loss for
each angle would be Rtot ≈ 4 |r12 |2 + 3L0 in which r12 and L0 are Fresnel reflection
coefficient from medium 2 to 1 and the loss of the OPO mirrors respectively. A plot
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Rtotal=2(2|r12|2)=4R
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Figure 2.15: The out-coupled intensity versus total intracavity loss for estimating
the optimum output coupler (OC) of signal resonant SRO.
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of the total leaked power versus intracavity loss would provide us with the OC plot
as shown in Fig. 2.15. The shaded region in Fig. 2.15 shows the optimum output
coupler range for the OPO cavity under study. As seen, for this specific cavity design,
OC ≈ 4% is an optimum value for the signal wave. The cavity is designed in such
a way that the signal is resonating inside the cavity and idler beam is coupled out
from M1 while the signal is accessible via 4% OC.

2.4

Experimental Results for mid-IR CW-OPO

In previous sections, fundamentals of optical parametric conversion and considerations for an optimum cavity design were discussed and an optimum design for a
signal resonant SRO with 4% OC which provides access to both high power signal
and idler beams were described.
In summary, a mid-IR CW-OPO was designed and constructed to serve as the tunable pump source for optical refrigeration in Tm and Ho-doped crystals and RBLs.
The nonlinear crystal is a L = 50 mm long temperature-tuned MgO:PPLN crystal
with multiple gratings (ΛG = 30 − 37 µm) that provides QPM. The pump laser
is a CW fiber laser at 1070 nm (IPG Photonics, YLR-500-SM). Fig. 2.16 (a) illustrates the schematic of the CW-OPO design, and Figs. 2.16 (b) and (c) show
the phase-matching curve, and typical normalized narrow linewidth signal and idler
spectra of the CW-OPO. The OPO cavity is a signal resonant SRO standing-wave
V-cavity formed by two concave mirrors (M1 and M2) having radius of curvature
ROC = −20 cm, and a plane OC. The OPO operates in singly-resonant mode with
M1 and M2 having broadband high reflectance in the signal range (1.7-2.1 µm) and
high transmission for both pump (1070 nm) and the idler (2.2-2.8 µm). The signal
was coupled out from OC with ≈ 4% transmission. Since our pump laser at 1070 nm
has a relatively broad linewidth (≥ 1 nm), resonating the signal (instead of the idler),
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Figure 2.16: (a) Schematic of the actual setup, (b) the phase matching curve, and
(c) tunability range of the CW-OPO which is used for mid-IR optical refrigeration.
allows improving the pump acceptance bandwidth to 1 nm [17, 53]. The pump laser
is focused to a waist size of w0 ≈ 70 µm at the middle of the PPLN; this corresponds
to ζ = L/(2z0 ) ≈ 2.3 where z0 is the Rayleigh range. A pair of intracavity etalons
(300 µm thick UV fused silica and 500 µm thick ZnSe) were inserted to reduce the
linewidth of the OPO to < 0.5 nm. The tuning curve and corresponding narrow
linewidth normalized signal and idler spectra of the OPO are for grating period
ΛG = 31.9 µm while the temperature of the crystal is changed from room temperature to T = 200◦ C. This CW-OPO is used as mid-IR coherent source with ultra-wide
tuning range suitable for optical refrigeration of Tm- and Ho-doped crystals.
In chapter 3, the experimental setup for characterization of mid-IR laser cooling
samples (Tm- and Ho-doped crystals) and spectroscopic analysis of such materials
to estimate their MAT are discussed in detail.
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Optical Refrigeration of Tm- and
Ho-doped Crystals

3.1

Laser Induced Temperature Modulation Spectroscopy (LITMoS) Test

As mentioned in chapter 1, mid-IR optical refrigeration is an approach toward enhancing the laser cooling efficiency ηc according to the inverse energy scaling law
(ηc ≈ kT /hν) [15, 17]. The energy scaling law states that optical refrigeration in
Tm- and Ho-doped materials with the excitation energy (from ground state to the
first excited state) hν ≈ 0.62 eV (λ ≈ 2 µm) is almost twice as efficient as in Ybdoped materials with the excitation energy hν ≈ 1.24 eV (λ ≈ 1 µm) as shown in
Fig. 3.1 [17, 55]. Although the idea of laser cooling enhancement in mid-IR was
proposed in 2000 [15], it is deeply investigated in this dissertation, and conditions
to observe such laser cooling efficiency enhancement in the mid-IR is discussed in
section 3.5 .
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Figure 3.1: A comparison of the energy gap between the ground state and the first
excited state of Yb3+ ion in near-IR, and Tm3+ and Ho3+ ions in mid-IR.
To characterize optical refrigeration samples and obtain certain laser cooling parameters and a figure of merit to compare their ultimate laser cooling efficiencies, a
standard test so-called LITMoS [4] should be performed on all samples as explained
in the following.
The measured room temperature absorption and emission spectra of 2% Tm:YLF
crystal for the transitions between the ground-state (3 H6 ) and the first excited
state (3 F4 ) Stark multiplets are shown in Fig. 3.2 [16]. The shaded area under
the absorption spectrum is the so-called “laser cooling tail” with λ > λf , where
λf = c/νf ≈ 1829 nm denotes the mean fluorescence wavelength.
LITMoS tests provide us with two laser cooling parameters; external quantum efficiency (EQE) ηext and background absorption coefficient αb , as the key parameters
to evaluate laser cooling performance of different samples [56]. A general rule of
thumb is that materials with high ηext and low αb are suitable for optical refrigeration applications.
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Figure 3.2: (a) The ground and the first excited state multiplets of a Tm3+ :YLF
crystal and anti-Stokes fluorescence cooling process in this material, (b) the resonant
absorption spectra (for E kc and E ⊥c polarizations) and emission spectrum of typical
Tm:YLF crystal along with its laser cooling tail (shaded region in blue and olive).

To quantify the sample’s ηext and αb , and to investigate if the sample is of “cooling
grade”, a mid-IR laser source of modest power (1-2 W), narrow linewidth (≈ 1 nm),
and tunable in the vicinity of λf is required [57, 58]. In case of Ho-doped materials, for
instance 1% Ho:YLF crystal, the measured room temperature absorption coefficient
and emission spectra associated with the transitions between the ground-state (5 I8 )
and the first excited state (5 I7 ) Stark multiplets are shown in Fig. 3.3 [17]. The laser
cooling tail for 1% Ho:YLF sample is the shaded region above its λf ≈ 2015 nm as
shown in Fig. 3.3.
As discussed in great detail in chapter 2, for mid-IR optical refrigeration, we
designed and constructed a singly-resonant CW-OPO, tunable from ≈ 1720 nm to
2800 nm, providing required wavelength tuning range and power to perform complete
LITMoS tests on Tm- and Ho-doped materials.
The absorption spectra of Tm- and Ho-doped samples are measured directly with
Thermo-Nicolet Nexus 670 FTIR spectrometer, and their emission spectra are col-
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Figure 3.3: (a) The ground and the first excited state multiplets of a Ho3+ :YLF
crystal and anti-Stokes fluorescence cooling process in this material, (b) the resonant
absorption spectrum (for E kc polarization) and emission spectrum of typical Ho:YLF
crystal along with its laser cooling tail (shaded region in blue).

lected with a Thorlabs OSA 203B FTIR spectrometer at desired polarization while
the samples are excited with the OPO signal at the short wavelength within their
absorption spectra (explicitly, 1760 nm for Tm:YLF and 1900 nm for Ho:YLF crystals).
The cooling efficiency ηc of a Tm- or Ho-doped samples is evaluated at T = 300 K
by measuring the temperature change (∆T ) induced by irradiating the sample with
the OPO output, as the wavelength is tuned from below to above its mean emission
wavelength λf . Under steady-state condition and for small temperature changes,
∆T = Kηc (λ)Pabs , where Pabs is the absorbed laser (OPO) power, and K is a constant (scaling factor) that varies inversely with the thermal load on the sample.
Therefore, ηc (λ) = ∆T /KPabs can be extracted by measuring ∆T and the absorbed
power as function of λ. The aforementioned method is termed LITMoS [4, 59, 60].
Figure 3.4 shows the schematic and a photograph of the constructed setup in our lab
for the LITMoS experiments, in which the cooling sample is positioned on top of two
transparent low thermal conductivity holders inside a vacuum chamber (10−6 torr) in
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Figure 3.4: (a) The schematic and (b) a photograph of the LITMoS test setup.

order to minimize the conductive and convective thermal loads and thus maximize
∆T . This is particularly useful at enhancing the signal-to-noise ratio in the long
wavelength regime, where the absorption coefficient (and hence Pabs ) drops drastically. The relative temperature change ∆T of the sample is measured using an IR
thermal camera (Thermal Eye Nanocore 640 L3-Communications Corporation, TX,
USA) which views the sample from outside the vacuum chamber through a KCl window.
The temperature change of the crystal at each wavelength is extracted from thermal images following standard image processing that involves spatial and temporal
averaging. Care is taken to ensure that thermal camera response is linear (i.e. by
keeping temperature change of the sample to |∆T | < 3 K) using ≈ 0.5-2 W of input
power (depending on the excitation wavelength), and that the ambient temperature
remains constant during the experiment. The absorbed power Pabs (λ) at each excitation wavelength λ, is calculated from incident pump power and the measured
room-temperature (300 K) absorption coefficient using the Beer-Lambert law.
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The normalized data ∆T (λ)/KPabs (λ) is then fitted with Eq. 3.1 by adjusting K,
ηext , and αb using room-temperature (300 K) values for input parameters αr (λ, T )
and λf (T );
ηc (λ, T ) = 1 − ηext ηabs (λ, T )

λ
,
λf (T )

(3.1)

αr (λ, T )
ηabs (λ, T ) =
,
αr (λ, T ) + αb

Note that, for simplicity, αb is assumed to be wavelength independent within the
narrow (≈ 200 nm) spectral range of interest. This assumption is adopted primarily
since the origin of the parasitic absorption is not precisely known from sample to
sample [31]. It is further assumed that αb is also temperature independent. The
validity of both of these assumptions and their implication in cryocooling experiments
will be revisited later in this dissertation.
The measured LITMoS test on the 1% Ho:YLF sample at room temperature
(300 K) along with its corresponding fitting parameters αb , ηext are shown in Fig. 3.5.
A net-cooling window is observed between λc1 = 2059 nm and λc2 = 2215 nm, and
the bright and dark thermal image insets on the graph correspond to the heating and
net cooling regimes for the sample on two sides of the crossing wavelength λc1 . Generally, in high purity samples where αb < 10−3 cm−1 , the external quantum efficiency
ηext can be estimated with a fair degree of accuracy from λf /λc1 , while the value of
αb is highly sensitive to the location of λc2 . The best fit of Eq. 3.1 to data, as shown
in Fig. 3.5, gives ηext = 98.0±0.2% and αb = (5±2)×10−5 cm−1 for this 1% Ho:YLF
sample. Please note that the error bars at long wavelengths (λ > 2200 nm) are large
due to the small temperature changes for the sample which is comparable or greater
than the amount of error in background temperature measurements.
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Figure 3.5: The measured LITMoS test on the 1% Ho:YLF sample at room temperature (300 K) along with its corresponding fitting parameters αb , ηext . The thermal
image insets on the graph represent the heating and net cooling points respectively.

Figure 3.6 illustrates the LITMoS test results for (a) 1% Tm:YLF (E kc), (b)
2% Tm:YLF (E kc), (c) 2% Tm:YLF (E ⊥c), and (d) 1% Tm:BYF (E kb) samples,
respectively. As seen, each cooling-grade sample exhibits a spectral cooling window
(the shaded regions in Fig. 3.6 (a-d) between two zero-crossing wavelengths λc1 and
λc2 (> λc1 ). As said, to a fair approximation ηext ≈ λf /λc1 , and αb depends on λc2 ,
but its value is more accurately extracted by the fitting procedure [15].
Table 3.1 summarizes the LITMoS test results for all cooling grade Tm- and Hodoped samples at different excitation polarizations including the first demonstration
of optical refrigeration of Tm:YLF and any Ho-doped materials.
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Figure 3.6: The LITMoS test results for (a) 1% Tm:YLF (E kc), (b) 2% Tm:YLF
(E kc), (c) 2% Tm:YLF (E ⊥c), and (d) 1% Tm:BYF (E kb) samples.
Summary of LITMoS test results for mid-IR samples
Crystal
Pol.
ηext (%)
αb (10−4 cm−1 ) λc1 (nm)
1% Tm:YLF
E kc
98.0±0.2
2.0±1.0
1860±1
2% Tm:YLF
E kc
98.2±0.3
3.0±1.0
1870±2
2% Tm:YLF
E ⊥c
98.0±0.3
2.0±1.0
1870±2
1% Tm:BYF E kb
99.7±0.2
2.5±0.5
1817±1
1% Tm:BYF E kc
99.5±0.2
2.0±0.5
1817±1
1% Ho:YLF
E kc
98.0±0.2
0.5±0.2
2059±1
Table 3.1: The external quantum efficiency ηext , background absorption αb , and first
crossing wavelength λc1 for cooling grade Tm- and Ho-doped crystals at different
excitation polarizations.
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3.2

Material Growth

RE-doped fluoride single-crystals with the exquisitely high-purity, and structural
quality required for laser cooling applications are not readily available commercially.
The crystals investigated in this work were grown using the Czochralski method from
5N (99.999%) purity (with respect to the total RE concentration; and having low
concentration of transition metals) binary fluorides. The 4.8(a)×4.8(a)×5.0(c) mm3
1% Ho:YLF, 2% Tm:YLF and 1% Ho:BYF crystals investigated in this work were
cut from crystal boules grown at AC Materials (Tarpon Springs, FL), one of the few
providers of sufficiently high-quality fluoride crystals currently available worldwide,
using 1 mm/h pulling and 7 rpm rotation rates under Nitrogen atmosphere. The
2.75(a) × 3.05(a) × 3.20(c) mm3 1% Tm:YLF and 3.64(a) × 5.25(b) × 5.01(c) mm3
1% Tm:BYF samples were cut from crystal boules grown at Pisa University (Italy)
using 1 and 0.5 mm/h pulling rates respectively, and a 5 rpm rotation rate under Argon atmosphere. The biaxial 1% Tm:BYF sample was cut along the crystallographic
axes (a, b, c) rather than the optical axes (X, Y, Z) in which bkY and ∠ c, Z ≈ 220o ,
∠ a, c ≈ 99.76o [61].

3.3

Spectroscopic Analysis of RE-Doped Samples

Thus far, optical refrigeration for several Tm- and Ho-doped crystals is demonstrated;
therefore, such samples are of cooling-grade at room temperature, exhibiting a maximum cooling efficiency (ηc(max) ) within their laser cooling window limited by λc1 and
λc2 as shown in Figs. 3.5 and 3.6. Later in this chapter, it is discussed how to obtain
the optimum laser cooling wavelength (λopt ) of a sample which is the best cooling
wavelength at all temperatures and shown how to extract the minimum achievable
temperature of each sample as the figure of merit for any cooling grade material.
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Since this discussion requires temperature-dependent analysis of cooling grade samples, we need to explain how to obtain clean and reliable spectroscopic information
of the samples at all temperatures.
In short, to analyze the laser cooling performance of various cooling grade samples
at cryogenic temperatures, a reliable low-temperature spectroscopic analysis for each
sample is required, so laser cooling parameters such as mean emission wavelength
λf (T ) and resonant absorption spectra αr (λ, T ) must be measured carefully at all
temperatures (explicitly from T = 300 K to 80 K or lower).
As mentioned earlier, the laser cooling window is located within the cooling tail
of the absorption spectrum of the samples and it is hard to obtain clean and smooth
absorption spectra at these wavelength ranges via direct measurements.
The “Reciprocity Theorem” [62–65] is used to obtain absorption spectra at all temperatures for optical refrigeration. The task is to determine the temperature and
wavelength dependent resonant absorption coefficients αr (λ, T ) of the samples by
utilizing the reciprocity theorem and the McCumber relation [62, 65] which gives
αr ∝ λ5 S(λ, T )ehc/λkT . In this relation S(λ, T ) is the temperature and wavelength
dependent emission spectrum collected by Thorlabs OSA 203B FTIR spectrometer and the collection system response is carefully calibrated by using a black-body
source at known temperature.
Proportional absorption spectra calculated from the reciprocity theorem are then
calibrated to a directly measured absorption value (e.g. at λ = 1830 nm for Tm:YLF
or λ = 2055 nm for Ho:YLF) at each temperature by using a cryostat which is placed
inside a Thermo Nicolet Nexus 670 FTIR instrument as shown in Fig. 3.7 (a). The
cold finger of the liquid Nitrogen (LN) cryostat with mounted crystal are shown in
Fig. 3.8 to clarify the experimental details of this system. The absorption spectra
that are obtained using reciprocity agree well with those directly measured using an
FTIR, while having the advantage of exhibiting less noise in the long wavelength tail
which is of particular interest for laser cooling [17].
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(a) Direct Measurement of 𝜶 (𝝀, 𝑻) with FTIR Spectrometer
𝒓

(b) 𝑺(𝝀, 𝑻), 𝝀 (𝑻) Measurements with CW-OPO Signal
𝑭

Figure 3.7: a) Direct low-temperature resonant absorption measurement setup via a
cryostat inside a Thermo Nicolet Nexus 670 FTIR spectrometer. (b) Temperature
dependent emission spectra S(λ,T) measurement for reciprocity theorem and λf (T )
calculations.
It should noted that the calculated absorption spectra from reciprocity theorem
underestimate the absorption coefficient in short wavelength regime due to the reabsorption of the emission spectra in this wavelength range, so one way to avoid this

Figure 3.8: The cooling sample attached to the cold finger of LN cryostat.
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issue is to select the calibration point as close as possible to the wavelength range of
interest.
In αr (λ, T ) calibration for mid-IR optical refrigeration, the closest resonant absorption peaks to the laser cooling tails are selected, which are ≈ 1830 nm for
Tm:YLF and ≈ 2055 nm for Ho:YLF, so the calculated spectra are clean and reliable for further calculations. The temperature-dependent resonant absorption spectra αr (λ, T ) for cooling grade Tm- and Ho-doped samples are plotted in log scale in
Fig. 3.9 which clearly shows that the absorption spectra are almost noise free and
this is exactly what is needed in optical refrigeration research.
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Figure 3.9: Temperature dependent resonant absorption spectra for Tm- and Hodoped samples.
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So far, the standard approach to measure temperature-dependent resonant absorption spectra αr (λ, T ) for laser cooling samples is discussed. In addition, the
temperature dependent mean emission wavelength λf (T ) for each sample as another
key factor to obtain the MAT or FOM for cooling grade samples should be measured.
The experimental setup to collect temperature dependent emission spectra S(λ, T )
and measure λf (T ) is shown in Fig. 3.7 (b) in which the crystal is attached to the
cold finger of the cryostat (see Fig. 3.8) and the emission spectra are collected while
the sample is excited with the OPO signal as temperature is changed from 300 K to
80 K.
λf (T ) is obtained by averaging the mean emission wavelength attributed to each
facet of the crystal; however some crystals have certain symmetries that make this
calculation a little bit easier. The most common laser cooling host crystals such as
YLF, YAG, LLF, BYF [5, 66] are anisotropic (either uniaxial or biaxial) crystals, so
λf (T ) calculation vary depending on the crystal symmetry as shown in Fig. 3.10.
For instance, since YLF is uniaxial crystal, it is usually cut along c (the optical
axis) and a (a⊥c) axes as shown in Fig. 3.10(a). Such symmetry is known as π (E kc)
or σ (E ⊥c) when the polarization of electric field for excitation or fluorescence collec-

(a)

(b)
Uniaxial Crystal

Biaxial Crystal
𝑆𝜎 𝜆 and 𝑆𝜋 𝜆

Only 𝑆𝜎 𝜆

𝑆𝑎𝑐 𝜆 or 𝑆𝑋𝑍 𝜆
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b (Y)

c

c (Z)
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𝜆𝑓 =

𝑆𝑏𝑐 𝜆 or 𝑆𝑌𝑍 𝜆

𝑆𝑎𝑏 𝜆 or 𝑆𝑋𝑌 𝜆

4×

a (X)

𝜆𝜎 + 𝜆𝜋
+ 2 × 𝜆𝜎 2
1
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𝜆𝑎𝑏 + 𝜆𝑎𝑐 + 𝜆𝑏𝑐
3

Figure 3.10: Total mean emission wavelength λf calculation from emission spectra
S(λ) for (a) uniaxial and (b) biaxial crystals.
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tion is considered. In RE-doped YLF crystals, two facet of the crystal (along c-axis)
only emit σ-polarized spectra Sσ (λ) while the other four facets emit a mixture of
both σ-polarized Sσ (λ) and π-polarized spectra Sπ (λ) spectra. The spectra for both
π (E kc) and σ (E ⊥c) polarizations are separately recorded at each temperature by
using a polarizer in front of the collection fiber. The temperature-dependent mean
R
R (π,σ)
(π,σ)
(T
)
=
λS
(λ,
T
)dλ/
S
(λ, T )dλ is then calcufluorescence wavelengths λπ,σ
f
lated for each polarization (π and σ) followed by evaluating the exiting total mean fluorescence wavelength by performing a weighted average along the three Cartesian axis
of the crystal given by λf (T ) = (2/3)λσf (T ) + (1/3)λπf (T ) as shown in Fig. 3.10(a) as
well. It is possible to obtain the total mean emission wavelength by collecting the unpolarized spectra as well. In this case, the unpolarized spectrum emanating from each
facet of crystal is collected and a weighted average is performed on all distinguishable
(a−af acet)

unpolarized spectra which is λf (T ) = (1/3)λf

(a−cf acet)

(T ) + (2/3)λf

(T ) for a

RE-doped YLF crystal. Our measurements show that λf (T ) calculated from polarized spectra is in excellent agreement with the one calculated from the unpolarized
spectra.
For RE-doped BYF crystal which is a biaxial crystal, the total mean emission
wavelength λf (T ) is simply the weighted average of the mean emission wavelength
attributed to the emission spectra emanating from each facet of the crystal. Depending on the crystal cut (optical (a,b,c) or crystallographic (X,Y,Z) axes) the emission
spectra for each facet is different. For instance, Sac (λ) for abc-cut crystal or SXZ (λ)
for XYZ-cut crystal might be selected for one facet that is shown as the top facet
in Fig. 3.10(b). It should be noted that working with polarized spectra in biaxial
crystals is overwhelming since 6 different spectra should be collected while 3 different
ones are needed if polarization is not taken into account. Same as uniaxial crystals,
λf (T ) from unpolarized spectra exactly matches with the one calculated from polarized spectra. The polarized and total mean emission wavelengths for 1% Tm:YLF
crystal is shown in Fig. 3.11(a), and λf (T ) for each facet of 1% Tm:BYF crystal along
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with its total λf (T ) obtained from unpolarized spectra are shown in Fig. 3.11(b) [17].
Total λf (T ) for all promising Tm-doped and Ho-doped laser cooling candidate crystals are shown in Fig. 3.11(c) and (d) respectively. As seen the amount of redshift in
λf (T ) for Tm-doped samples is around 66 nm which is equal to ≈ 3.5% shift from its
room temperature value while such redshift for Ho-doped samples is less than 20 nm
and is equivalent to < 1% shift from λf (300 K). This is one of the most important
results in spectroscopic analysis of Tm- and Ho-doped crystals for optical refrigeration purposes and its origin and consequences on MAT will be discussed later in this
chapter. Please note that in Tm-doped materials, λf (T ) for 2% Tm:YLF is ≈ 9 nm
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Figure 3.11: a) Polarized and total λf (T ) for 1% Tm:YLF crystal, (b) unpolarized
λf (T ) for each facet of abc cut 1% Tm:BYF crystal as well as its total λf (T ), (c)
comparison of λf (T ) for various Tm-doped crystals, (d) comparison of λf (T ) for
1% Ho:YLF and 1% Ho:BYF crystals.
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greater than 1% Tm:YLF due to the stronger re-absorption effect at higher doping
concentrations. Both crystals show a ≈ 3.4% red-shift in λf (T ) from 300 K to 80 K.
The red-shift for 1% Tm:BYF crystal is ≈ 3.6% due to the greater crystal-field splitting of the multiplets in BYF compared to YLF [16, 17, 67]. Table 3.2 summarizes
the experimental results of λf (T ) measurements for various Tm- and Ho-doped crystals. This information (explicitly the amount of redshift from λf (300 K) is a critical
factor in determining MAT or FOM of cooling grade crystals.
Summary of
Crystal
1% Tm:YLF
1% Tm:BYF
2% Tm:YLF
1% Ho:YLF
1% Ho:BYF

λf (T ) measurements for mid-IR samples
λf (300 K) (nm)
∆λf (T )/λf (300 K)
1822±1
≈ 3.4 %
1817±1
≈ 3.4 %
1830±1
≈ 3.6 %
2015±1
≈ 1.0 %
2016±1
≈ 0.7 %

Table 3.2: Temperature-dependent mean emission wavelength λf (T ) and its redshift
from room temperature which is normalized to λf (300 K) for various Tm- and Hodoped crystals.

3.4

Minimum Achievable Temperature as Figure
of Merit for Cooling Grade Crystals

So far, the observation of optical refrigeration in Tm- and Ho-doped crystals and
their low-temperature spectroscopic analysis have been discussed in great detail and
the results are reported in the previous section.
The next task at hand is to identify their potential for cryocooling operation by
evaluating the MAT of the cooling grade materials [19, 68]. Considering the temperature (T ) and frequency (ν) dependent laser cooling efficiency ηc (ν, T ) shown in
Eq. 3.2, this in turn necessitates evaluation of ηc (ν, T ) down to cryogenic temperatures. (Please note that in this section, for simplicity, ν = c/λ has been used so the
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discussions on energy multiplets would be easier to follow.)
ηc (ν, T ) = p(ν, T )

hνf
−1
hν

(3.2)

A figure of merit for any cooling-grade material is its so-called MAT. This quantity
is defined by the lowest temperature at which ηc vanishes and subsequently turns
negative (i.e. enters the heating regime). MAT is not a fundamental property of a
dopant or host, rather it is highly sensitive to the growth quality and purity of any
given material [17]. This further becomes apparent by examining the constituents
of ηc , namely νf and p, and their variation with temperature. It is straightforward to show that deviation of p from unity is due to the ubiquitous presence of
both nonradiative decay and unwanted impurities that cause parasitic heating [17].
That is, p(ν, T ) = ηext ηabs (ν, T ), where ηext = [1 + Wnr /(ηe Wr )]−1 is the external
quantum efficiency and ηabs (ν, T ) = [1 + αb /αr (ν, T )]−1 denotes the absorption efficiency [11, 22]. Here Wr , Wnr , αb , and αr (ν, T ) are radiative and nonradiative decay
rates, background, and resonant absorption coefficients, respectively. Additionally,
the radiative (spontaneous emission) rate is effectively suppressed by the fluorescence
escape efficiency ηe , which takes into account the effect of fluorescence reabsorption
as well as radiation trapping via total internal reflection. It is quite reasonable to
assume that ηext is only weakly temperature dependent. The overriding temperature dependence of p(ν, T ) arises from αr (ν, T ) for wavelengths near the optimum
cooling efficiency, corresponding to transitions originating from the top of the groundstate. Under the plausible assumption that Boltzmann quasi-equilibrium establishes
in each multiplet prior to spontaneous emission, this temperature dependence follows
αr (ν, T ) ∝ [1+eδEgs /kT ]−1 , where δEgs is the width of the ground-state multiplet [22].
Similarly, with Boltzmann quasi-equilibrium established in the excited-state multiplet, the mean fluorescence energy redshifts as the temperature of the crystal is
lowered according to hνf (T ) ≈ hνf (0) + δEes /[1 + eδEes /kT ], where δEes denotes the
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width of the excited-state multiplet [22]. Such functional dependences on the widths
of energy multiplets are indeed the key factors that have rendered YLF a suitable
host material for optical refrigeration due to its rather weak Stark crystal field acting on RE dopant ions. Similarly, the main motivation of investigating Ho3+ is the
fact that it has narrower ground and excited state multiplets (δEgs = 303 cm−1 ,
δEes = 140 cm−1 compared to Tm3+ (δEgs = 419 cm−1 , δEes = 373 cm−1 ) for a
given host [64, 65]. It is also worth noting that the multiplets in Ho3+ are narrower
than those in Yb3+ (YLF) [69] with δEgs = 449 cm−1 , δEes = 278 cm−1 , providing
further advantage of Ho for cryogenic refrigeration. To better illustrate the difference between near-IR and mid-IR optical refrigeration and clearly show the width of
energy multiplets in common RE-doped materials for optical refrigeration, the laser
cooling tail as well as energy multiplets of Tm:YLF, Ho:YLF, and Yb:YLF crystals
are shown in Fig. 3.12 [70].
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Figure 3.12: The laser cooling tail, anti-Stokes fluorescence cooling process, and the
width of ground state and the first excited state multiplets for (a,d) Tm3+ :YLF in
near-IR, and (b,e) Ho3+ :YLF and (c,f) Yb3+ :YLF in mid-IR [70].
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Figure 3.13: The MAT or map of ηc versus T and λ for (a) 1% Tm:YLF, (b)
2% Tm:YLF, (c) 1% Tm:BYF, and (d) 1% Ho:YLF crystals at different excitation
polarizations.

Now that the origin of the redshift in mean emission wavelength λf (T ) and higher
absorption efficiency αr (λ, T )/αb in some RE-doped materials and their connection
to the width of the energy multiplets is known, obtaining MAT plots to discuss laser
cooling performance of different cooling grade materials can be explained. With ηext ,
αb , λf (T ), and αr (λ, T ) known, we plot ηc (λ, T ) to identify the cooling and heating
spectral regimes at all temperatures, and subsequently obtain the value of MAT for
each cooling grade crystal.
Fig. 3.13 shows the map of ηc versus T and λ for 1% and 2% Tm:YLF, 1% Tm:BYF
and 1% Ho:YLF crystals at different excitation polarizations. The white demarcation
in these plots signifies ηc = 0 and marks the MAT for the corresponding excitation
wavelength. The lowest (or global) MAT for these cooling grade crystals is the ab-

60

Chapter 3. Optical Refrigeration of Tm- and Ho-doped Crystals

solute minimum of the white curve which is clearly marked with two arrows for
temperature and wavelength axes in Fig. 3.13 and summarized in table 3.3. The corresponding excitation wavelength for the global MATs is called the “optimum cooling
wavelength λopt ” which is ≈ 1888 nm for 1% Tm:YLF, ≈ 1900 nm for 2% Tm:YLF,
≈ 1857 nm for 1% Tm:BYF, and ≈ 2070 nm for 1% Ho:YLF crystals [16, 17].
Tables 3.2 and 3.3 together report the complete set of the most important laser
cooling parameters for cooling grade Tm- and Ho-doped crystals. This information
is useful for developing optical cryocoolers in mid-IR as well as RBLs as will be
discussed in the next chapter.
As seen in Table 3.3, the lowest estimated MAT is for 1% Ho:YLF, which has
had the lowest redshift for λf (T ) among mid-IR cooling grade crystals (see Table 3.2) and shows a resonant absorption efficiency αr /αb at 80 K which is higher
than the best ever cooled laser cooling sample (10% Yb:YLF) at cryogenic temperatures. These points will be revisited when we discuss conditions to achieve cooling
efficiency enhancement in mid-IR later in this chapter. The global MAT point for
1% Ho:YLF crystal corresponds to the E12 -E13 transition between 5 I8 and 5 I7 multiplets (Fig. 3.12(b)).

Complete laser cooling parameters for Tm- and Ho-doped crystals
Crystal

Pol.

ηext
(%)

1% Tm:YLF
2% Tm:YLF
2% Tm:YLF
1% Tm:BYF
1% Tm:BYF
1% Ho:YLF

E kc
E kc
E ⊥c
E kb
E kc
E kc

98.0±0.2
98.2±0.3
98.0±0.3
99.7±0.2
99.5±0.2
98.0±0.2

αb
(10−4 cm−1 )

2.0±1.0
3.0±1.0
2.0±1.0
2.5±0.5
2.0±0.5
0.5±0.2

λc1
(nm)

λopt
(nm)

1860±1
1870±2
1870±2
1817±1
1817±1
2059±1

1888±1
1889±1
1910±1
1859±1
1857±1
2070±1

MAT
(K)

190±10
180±10
160±10
160±10
160±10
130±10

Table 3.3: The external quantum efficiency ηext , background absorption αb , first
crossing wavelength λc1 , optimum laser cooling wavelength λopt , and MAT for cooling
grade Tm- and Ho-doped crystals at different excitation polarizations.
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It is worth noting that the optimum laser cooling wavelengths λopt listed in table 3.3 coincide with commercially available high power Tm- and Ho-fiber lasers
and amplifiers [71–74]. Additionally, the well-known 2-for-1 cross-relaxation pumping scheme in Tm-fiber (or disk) lasers would provide highly efficient (≈ 65%) laser
sources for mid-IR optical refrigeration [74–76].
As explained earlier, MAT is estimated by analyzing the temperature dependence
of the constituents of ηc , i.e. λf (T ) and αr (λ, T ), assuming that ηext and αb are temperature independent [17], and it is limited by the absorption efficiency αr /αb at low
temperatures, so improving the material purity and enhancing the resonant absorption are the key factors to achieve lower MATs.
While future efforts must focus on lowering the MATs, specially below 130 K for Hodoped crystals, it should be noted that this value of MAT was estimated following
the assumption that αb was independent of temperature. However, recent experiments in Yb:YLF crystals have revealed that this assumption must be revisited; these
crystals have been cooled to lower temperatures than predicted by the constant αb
models [77]. In particular, αb in a 5% doped Yb:YLF sample was shown to reduce
by nearly an order of magnitude as the temperature is lowered from 300 K to 100 K,
which in turn lowered MAT from about 110 K to below 90 K, in excellent agreement
with experimental results [30, 78]. Such temperature dependence in αb cannot be
generalized, since the parasitic absorption can arise from a variety of contaminants;
however, it is not unreasonable to reassess the MATs. For example in 1% Ho:YLF
crystal as a promising laser cooling candidate, lowering αb to 1 × 10−5 cm−1 further
reduces the MAT to about 100 K for the current Ho-doped sample. As the absorption efficiency depends on αr /αb , even further improvement in MAT can be achieved
by increasing the doping concentration. Investigations on excited state dynamics of
Ho3+ ions in ZBLAN glass [79] show that concentration quenching of the radiative
decay from the 5 I7 multiplet only sets in at ≈ 4% doping. However, theoretical studies have suggested that higher doping concentrations may potentially increase the
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nonradiative decay due to energy transfer up-conversion process in Ho3+ ions [80–82].
So further theoretical studies and experimental investigations are needed to observe
optical refrigeration in highly doped Ho- and Tm-doped materials, and it seems that
there are potential solutions for that. Our most recent experiments on laser cooling
of Yb:Silica glass [83, 84] as one of the most challenging Yb-doped laser cooling systems show that codoping of silica glass with certain network modifiers (such as Al in
this case) could hinder undesirable quenching channels in such materials providing
a cooling grade system with extremely high quantum efficiency. Similarly, theoretical and experimental studies on possible co-doped systems in Tm- and Ho-doped
materials to hinder quenching phenomena would be very beneficial [18].
It is important to point out that the absorption feature close to the optimum
cooling wavelength (λopt = 2070 nm) for 1% Ho:YLF crystal (see Fig. 3.12(b)) make
the ηext a very critical factor regarding lowering the MAT since the absorption efficiency would change drastically with modest improvement in ηext . This condition
will be discussed in great detail in section 3.5.
Among Tm-doped samples, the 1% and 2% Tm:YLF crystals exhibit almost identical ηext ≈ 98.0% and αb ≈ 2 × 10−4 cm−1 , and the same redshift in λf (T ); however,
the 2% doped sample for E ⊥c excitation polarization has a lower MAT of 160±10 K
due to a greater αr at higher doping concentration and the presence of a pronounced
absorption peak at ≈ 1910 nm as shown in Fig. 3.9(c). The 1% Tm:BYF sample
has an extremely high external quantum efficiency (ηext > 99.0%), which we believe
to be due to the lower phonon energy (350 cm−1 in BYF compared to 450 cm−1
in YLF) that further suppresses multi-phonon relaxation [5]. As a result, Tm:BYF
offers a higher maximum cooling efficiency (≈ 5% vs. ≈ 2%) compared to Tm:YLF
(Fig. 3.6). Despite the smaller resonant absorption in Tm:BYF, this leads to a
MAT (≈ 160 K) comparable to 2% Tm:YLF (E ⊥c). The estimated MATs could be
improved by increasing the dopant concentration or by reducing the background ab-
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sorption coefficient αb . The Tm3+ dopant density could be increased to 3-4% without
affecting ηext , since quenching effects only become active at such doping concentrations [85]. The background absorption coefficient αb could be lowered by further
improvements to material purity and crystal growth. In addition, as mentioned in
MAT discussion for Ho:YLF crystal, recent temperature-dependent investigations
of the background absorption in Yb:YLF crystals show that αb can decrease with
decreasing temperature of the crystal [78]. If such a behavior was generalized to
Tm-doped crystals, the actual global MATs might be even lower than the estimated
values shown in Table 3.3. With this assumption and (or) assuming improved material purity, the estimated global MATs for αb = 1×10−5 cm−1 for 2% Tm:YLF (E ⊥c)
and 1% Tm:BYF (E kb) and (E kc) are ≈ 110 K at a wavelength of ≈ 1929 nm and
≈ 1926 nm, respectively [16]. This shows that Tm-doped crystals have the potential to enable mid-IR optical cryocoolers. Tm:BYF crystals offer the added benefit
of not requiring a polarized excitation because the MATs and their corresponding
wavelengths are essentially the same for both E kb and E kc polarizations. Same as
Ho:YLF crystals, the optimum laser cooling wavelengths λopt for Tm-doped crystals
matches as well with readily available high power Tm fiber lasers and amplifiers
which could be used for power cooling experiments [74].
In the next section, we discuss the laser cooling efficiency enhancement in mid-IR
with a focus on optical refrigeration of Ho-doped crystals.

3.5

Cooling Efficiency Enhancement in mid-IR

We have demonstrated optical refrigeration in a Ho-doped material in the mid-IR
for the first time. This offers multiple potential advantages over existing Yb-doped
systems for cryogenic cooling as well as for realization of high-power mid-IR RBLs.
Optical refrigeration, since its first demonstration, has been touted as a mechanism
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for realizing all-solid-state cryocoolers without any moving parts and vibrations. An
essential requirement for a practical optical cooler is that the load or cold-finger
must be efficiently shielded from the intense fluorescence emanating from the cooling
crystal using a delicately designed thermal link [3]. The next generation of Yb-based
cryocoolers are to be integrated with the NIST single-crystal Si reference cavities
that need to be cooled to 124 K in a totally vibration-free environment [25, 86]. As
mentioned in chapter 1 for the motivation of this research, a mid-IR based optical
refrigerator can be highly beneficial for this application, since the load (Si cavity) is
transparent to the 2 µm fluorescence, and therefore the thermal link can potentially
be eliminated altogether.
Mid-IR optical refrigeration can potentially offer enhanced cooling efficiency due
to energy scaling and other characteristic advantages of the system. The current
Ho-doped material with 1% doping and ηext ≈ 98% does not yet match the cooling
efficiency of our best Yb:YLF system with 10% doping concentration and ηext > 99%.
However, cooling grade Ho-doped crystals having narrower ground-state multiplets,
higher absorption cross section, lower redshift in λf (T ), and lower parasitic background absorption promise to outperform Yb:YLF systems. A modest improvement
in ηext would allow the E12 → E13 resonance in Ho:YLF occurring at ≈ 2065 nm
to be accessed, thus leading to considerable cooling efficiency enhancement. This
can be achieved through high purity growth of Ho:YLF crystals or using other host
materials with lower phonon energies such as BYF which could further suppress the
multi-phonon relaxation mechanism. Or recent investigations on Tm-doped crystals
show that BYF [57, 58] with a phonon energy of 350 cm−1 (i.e. 100 cm−1 lower than
in YLF) [5], improves ηext from 0.980 to > 0.995. Moreover, a reasonable and modest
increase in the dopant concentration [79] would further enhance the cooling efficiency
above that of Yb-doped systems. Furthermore, Ho:BYF crystal with resonant absorption features similar to Ho:YLF crystal shows less redshift (≈ 0.7% vs. ≈ 1.0%)
in λf (T ) (see Fig. 3.14 (a)) which is comparable with the best cooling grade Yb:YLF
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crystal, so observation of optical refrigeration in Ho:BYF crystals with lower phononenergies and less redshift in λf (T ) would potentially provide us with the best ever
observed cooling grade materials. We are currently working with our collaborators at
AC-materials, Pisa University, and LANL to grow and investigate Ho:BYF crystals
for mid-IR optical refrigeration and RBL applications.
To illustrate the conditions at which the cooling efficiency enhancement could
be observed in Ho:YLF crystals, we have evaluated the maximum cooling efficiency
Yb
Ho
for
relative to the maximum cooling efficiency ηc(max)
of Ho-doped crystal ηc(max)

the best ever cooled Yb-doped system (10% Yb:YLF, ηext = 99.6%) [2]. The ratio
of these cooling efficiencies versus crystal temperature down to 100 K are shown
in Fig. 3.14 (b). We have kept the background absorption coefficient αb in both
crystals the same as their measured room temperature values. We note that if
ηext in 1% Ho:YLF (or BYF) were to improve from 0.98 to 0.99, it would already
match the performance of the 10% Yb:YLF at low temperatures of interest (e.g.
150 K). Combined with the availability of higher efficiency mid-IR lasers at the
optimum cooling wavelength (e.g. Tm-fiber lasers), this promises an enhanced wallplug efficiency. Moreover, increasing the doping concentration to 2% can lead to
a ≈ 2-fold efficiency enhancement of Ho- over Yb-doped systems at 150 K (i.e.
≈ 0.24% over ≈ 0.13%). The enhancement in the cooling efficiency ratio seen at
lower temperatures is a consequence of Yb:YLF approaching its MAT (ηc = 0) at a
higher temperature than Ho assuming improved doping and quantum efficiency. As
discussed earlier, recent experiments suggest a strong reduction of the background
absorption at low temperatures which in turn will lead to lower MATs for these
materials [78].
To make a fair comparison between the cooling performance of Ho-doped crystals in mid-IR and Yb-doped crystals in near-IR, MAT curves of 1% Ho:YLF and
10% Yb:YLF crystals, assuming a matching ηext = 99.6% and using the experimen-
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tally determined background absorptions are plotted in Figs. 3.14 (c) and (d) respectively [70]. The global MAT points are 90 K at the optimum cooling wavelength of
λYoptb = 1020 nm for 10% Yb:YLF and <80 K at λHo
opt ≈ 2065 nm for 1% Ho:YLF crystal. This shows that 1% Ho:YLF crystal with improved ηext (≈ 99.6%) and having
almost the same mean fluorescence wavelength shift (≈ 1%), has higher absorption efficiency (αr /αb ) and cooling performance than (to date) the best ever cooled
10% Yb:YLF crystal. The temperature range of the MAT plots in Figs. 3.14 (c) and
(d) is limited to 80 K since a liquid Nitrogen cryostat is used for the experiments.
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Figure 3.14: a) Comparison of λf (T ) for various Tm- and Ho-doped crystals, (b)
cooling efficiency enhancement plot for Ho3+ :YLF crystal at different doping concentrations and EQEs compared to the best ever cooled 10% Yb:YLF crystal, (c)
MAT for the best available cooling grade 10% Yb:YLF crystral, and (d) estimated
sub-80 K MAT for 1% Ho:YLF crystal with matched EQE with the best Yb-doped
crystal while keeping measured αb unchanged.
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By investigating the temperature dependent mean fluorescence wavelength λf (T )
and resonant absorption αr (λ, T ), it has been shown that the cooling efficiency enhancement is correlated to the widths of the ground state δEgs and first excited
state δEes multiplets, as narrower multiplets result in better cooling performance.
We conclude that Ho:YLF is superior to Tm-doped crystals for mid-IR cryocooler
applications due to narrower energy multiplets, availability of high-power lasers, and
larger absorption cross-section at the optimum cooling wavelength. In short, the confluence of lower energy gap, narrower ground- and excited state multiplets, higher
absorption cross section, low redshift in mean emission wavelength, and lower parasitic absorption makes Ho-doped crystals potentially superior to Yb-doped systems
for cryogenic optical refrigeration with reasonable improvements in material synthesis.

3.6
3.6.1

Power Cooling Experiments in mid-IR
Power Cooling of 1% Tm:BYF

In the previous section, laser cooling properties of several potential candidates for
mid-IR optical cryocoolers and RBLs were summarized in Tables 3.2 and 3.3. Power
cooling experiments on mid-IR cooling samples requires development of a Thulium
(or Holmium) Doped Fiber Amplifier (TDFA or HDFA); however, since the optimum
cooling wavelength of 1% Tm:BYF crystal at 1857 nm is too short for high power
operation of a TDFA, to perform such experiments, we optimized the CW-OPO by
replacing the 500 W IPG YLR-500-SM 1070 nm pump fiber laser with a 50 W IPG
YLR-50-1020-LP fiber laser to achieve higher power OPO signals. The 1020 nm
fiber laser has relatively narrow linewidth ∆λ =0.25 nm which is ≈ 5 time smaller
than ∆λ =1.2 nm for the 1070 nm laser, so it is a more suitable pump source
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Figure 3.15: (a) The schematic of the optimized CW-OPO which is intended as the
seed for the TDFA, (b) illustrates a TDFA which is pumped by 793 nm diode lasers
and seeded by CW-OPO as a feasible approach toward achieving high power lasers
at wavelengths of interest in mid-IR.
for OPO to enhance the output power. Using ≈ 17 W of the 1020 nm fiber laser
as pump power, we could enhance the OPO output signal power in free running
(without any etalons) configuration while obtaining a narrow linewidth signal which
is critical for high power laser cooling experiments. For instance, a signal power
of ≈ 2.2 W at λOP O ≈ 1858 nm with linewidth ∆λOP O ≈ 0.3 nm close to the
optimum cooling wavelength of 1% Tm:BYF crystal was measured. However, by
using the 1020 nm fiber laser as the OPO pump, the optimum cooling wavelength
of 1% Ho:YLF crystal at 2070 nm is not accessible due to the coating of the mirrors
in the OPO cavity which are designed for 1070 nm pump laser, so the power cooling
experiments for 1% Ho:YLF crystal could not be performed. Figure 3.15 (a) shows
the schematic of the optimized CW-OPO as the seed for the TDFA. Figure 3.15 (b)
illustrates a TDFA which is pumped by 793 nm diode lasers and seeded by CW-OPO
as a feasible approach toward achieving high power lasers at the wavelengths of the
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interest in mid-IR [74, 76]. Development of this TDFA and challenges regarding
achieving high powers at short wavelength range of its gain spectrum is covered in
the next section. As depicted in Fig. 3.15 (b), the TDFA output would finally be
used to pump a multipass Herriott cell [87] cavity which is suitable for high power
optical refrigeration experiments. Since the TDFA output could not be amplified
around λopt ≈ 1857 nm for 1% Tm:BYF crystal, power cooling experiment for this
crystal was performed with optimized CW-OPO signal, and the discussion of TDFA
development is presented afterwards.
Using relatively high power OPO signal (P≈ 2.2 W at λ =1858 nm), the multipass (Herriott cell [87]) pumping scheme to enhance the pump absorption inside the
cooling crystal is setup as depicted in Fig. 3.16. In this configuration, 1% Tm:BYF
crystal sitting on top of two low thermal conductivity holders (microscope slide cover

CW-OPO

(a) (b)

Low-OH
fiber

d

Cooling crystal
(1%Tm:BYF)

(c)

Figure 3.16: a) Herriott cell setup inside the vacuum chamber, (b) spot pattern of
the multipass empty Herriott cell on the spherical mirror, (c) the top view image
of the traces of the laser beams passing through the 1% Tm:BYF crystal inside the
Herriott cell.
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slips) is placed between a planar mirror (with a 500 µm diameter hole) and a spherical mirror (ROC = −15 cm) separated by d ≈ 2 cm. Before putting the crystal
inside the cavity, an empty Herriott cell is set up in which the attenuated OPO signal
enters the cavity through the 500 µm diameter hole of the planar mirror and gets
reflected 9 times at the surface of the spherical mirror creating 18 passes inside the
cavity as shown in Fig. 3.16 (b). The spot pattern is captured from the top of the
vacuum chamber using a Find-R-Scope 2200 nm IR-viewer. Once the Herriott cell
pattern was created, the 1% Tm:BYF crystal is placed on top of the holders and adjusted to the normal incidence position to repeat the Herriott cell pattern as shown
in Fig. 3.16 (c). The traces of the laser beams passing through the 1% Tm:BYF
crystal after final alignment are shown in Fig. 3.16 (c) [70].
For temperature measurements, a low-OH bare fiber is positioned close to the
crystal inside the vacuum chamber to collect fluorescence spectra for Differential
Luminescence Thermometry (DLT) [88, 89] as shown in Fig. 3.17 (a). Once the
Herriott cell encompassing the cooling crystal is set up, fluorescence spectra are collected using the DLT fiber connected to an Optical Spectrum Analyzer (Thorlabs
OSA 203B). Temperature measurement with the DLT technique requires a calibration curve which is created by analyzing the temperature-dependent emission spectra
S(λ, T ) collected from the sample attached to the cold finger of a cryostat irrediated
by OPO signal as the temperature of the cold finger is changed from 300 K to 80 K.
The DLT calibration curves SDLT (T ) are then created by normalizing the collected
R
emission spectra S(λ, T ) to the absorbed power Pabs (where Pabs ∝ dλS(λ, T )) followed by integrating the area under the differential normalized spectra |∆S(λ, T, T0 )|
for a selected wavelength band ([λ1 , λ2 ]) using Eq. 3.3;
S(λ, T0 )
S(λ, T )
−R
dλS(λ, T )
dλS(λ, T0 )
Z λ2
DLT = SDLT (T ) =
dλ |∆S(λ, T, T0 )|
∆S(λ, T, T0 ) = R

λ1
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Figure 3.17: The DLT calibration curves for (a) 1700-1745 nm band and (b) 19001950 nm band of the emission spectra of 1% Tm:BYF along with the DLT calculation
formula.
DLT calibration curves for two bands (at short and long wavelength ranges of the
emission spectra of 1% Tm:BYF) are shown in Fig. 3.17. The best fit to DLT points
is used to read the temperature of the crystal during power cooling tests.
To avoid water condensation during the power cooling tests and reduce the convective heat loads on the crystal, the vacuum chamber is evacuated to 10−6 torr. A
thermal camera is positioned in front of a KCl window of the vacuum chamber to
monitor the thermal changes of the crystal as well. Subsequently, the OPO signal
power is increased to its maximum value while the DLT fiber and thermal camera
are recording the temperature data. Figure 3.18 (a) shows a thermal image of the
crystal before the laser cooling experiment and Fig. 3.18 (b) is an image of the crystal
when thermal camera reaches to its minimum measuring limit (black means cold)
4 minutes after starting the experiment revealing at least ≈ 5 K temperature drop
from the ambient temperature.
An accurate measurement for the temperature change ∆T of the crystal comes
from the DLT analysis in which the the normalized fluorescence spectra at unknown
temperature is compared with a series of calibrated fluorescence spectra as mentioned
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Figure 3.18: Thermal images of 1% Tm:BYF crystal (a) before and (b) after 4 minutes of power cooling experiment.

above [88, 90]. As shown in Figs. 3.19 (a,b and c,d) for two selected DLT bands, the
DLT analyses show a stabilized temperature drop of ∆Tstab ≈ 23 K for 1% Tm:BYF
crystal. The huge uncertainty in the DLT data (Figs. 3.18 (a,c)) comes from the
pump scattering into the DLT spectra especially when data is normalized to the
absorbed power (area under the emission spectra S(λ, T )). There are some techniques
such as using temperature dependent visible up-conversion spectra for non-contact
thermometry [89] or using polarized emission spectra for DLT analysis to avoid pump
scattering and other sources of the noise into the DLT spectra. The latter is used in
power cooling of 2% Tm:YLF crystal as explained in section 3.7.

Finally, it should be note that during the experiment, the temperature of the
planar mirror (the right mirror in Fig. 3.18 (b)) and the mirror mounts increase
substantially revealing that the last pass in Herriott cell is not perfectly exiting the
cavity. Also, the mirror mounts likely absorb scattered fluorescence and heat up, so
in future experiments, those must be efficiently connected to an actively cooled heat
sink to eliminate radiative heating of the crystal, and a proper clamshell should be
used to extract the waste heat to achieve lower temperatures [18].
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Figure 3.19: (a, c) The DLT analysis and (b, d) temperature drop for 1% Tm:BYF
crystal calculated from DLT calibration curves for 1700-1745 nm and 1900-1950 nm
bands of the emission spectra of the crystal.

3.6.2

Developing TDFA for Power Cooling of Tm:YLF

According to the material characterization results of mid-IR optical refrigeration
(presented in the previous sections), high power laser sources at optimum laser cooling wavelengths λopt (explicitly ≈ 1860 nm for Tm:BYF, ≈ 1890 nm fro Tm:YLF,
and ≈ 2070 nm for Ho:YLF crystals) are required to perform power cooling experiments and demonstrate mid-IR RBLs. For this purpose, we are developing a high
power TDFA in collaboration with Dr. Angel Flores group at Air Force Research
Laboratory (AFRL) to achieve high power coherent source for mid-IR optical refrigeration and RBL research. The TDFA will use our home-made CW-OPO signal as
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the seed and the pump power for TDFA would be provided by several 793 nm diode
lasers.
Since the CW-OPO as the seed source for TDFA is pumped by a 1020 nm fiber
laser, 2070 nm signal for power cooling of 1% Ho:YLF crystal is not accessible at
the moment; therefore, the initial efforts are mainly focused on constructing a homemade high power TDFA operating at ≈ 1890-1900 nm which is suitable for power
cooling of Tm:YLF crystals. In the future, this TDFA could be modified to operate
at the very short or very long wavelengths (1860 nm for Tm:BYF or 2070 nm for
Ho:YLF crystals) to perform laser cooling test on other mid-IR samples as well.
Figure 3.20 shows the schematic diagram and some images of the initial design
of the TDFA with L = 3 m of active fiber in a forward pumping scheme using two
35 W DILAS diode lasers working at 793±3 nm with FWHM < 4 nm in full power
operation. The TDFA is seeded by CW-OPO signal via free space coupling into
the core of the input double cladding fiber (NUFERN PM-GDF-10/130-2000-M)

Thulium Doped Fiber Amplifier
CW-OPO
signal
Achromatic HWP
HWP
Diode Lasers
Objective
Output fiber
End Cap
Active fiber
(L=3 m)

Combiner

Seed fiber

Figure 3.20: Initial design for TDFA with L = 3 m of active fiber in forward pumping
scheme.
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Figure 3.21: Free space seed coupling for the TDFA with schematic diagram to
evaluate the coupling efficiency.
of the (6 + 1) × 1 pump combiner (NEPTEC OS, INC. Fremont, CA, USA).The
output fiber of the pump combiner is spliced to L = 3 m of the Tm-doped double
cladding active fiber (NUFERN PM-TDF-10P/130-HE). The active fiber which is
carefully positioned on a home-made water cooled spool (with 300 µm groove size) is
subsequently spliced to a passive double cladding fiber (NUFERN PM-GDF-10/1302000-M) for power delivery. The power delivery fiber is angle cleaved at ≈ 14◦ to
suppress parasitic lasing in TDFA and it has an end cap at the very end.
Figure 3.21 shows the free space seed coupling into the input fiber of the pump
combiner of the TDFA. It also schematically shows how to evaluate the free space
seed coupling efficiency ηcpl = P10 /P1 . Several lenses and objectives have been tested
to finally achieve coupling efficiency of ≈ 80% (at low powers ≈ 200 mW) for Newport 10 X uncoated objective to couple a CW beam with D ≈ 3 mm into the 10 µm
core of the double cladding input fiber. Since the TDFA is made of the polarization
maintaining (PM) fibers and the seed signal has π-polarization, an achromatic halfwave plate (AHWP: Thorlabs AHWP10M-1600) is used to control the polarization
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Figure 3.22: (a) Output power of 793 nm diode lasers measured before and after the
pump combiner, (b) the transmission of the pump combiner at 793 nm.
angle of the seed signal to achieve maximum coupling efficiency along with the maximum π-polarization component at the output of the TDFA. With careful adjustment
of AHWP during the development process, we could achieve polarization mixture of
88% π- and 12% σ-polarization at the output of the TDFA. Better results could be
achieved if AHWP or fiber launching system is equipped with a fine adjust fiber
rotation stage; however, we might still have some σ-polarization at TDFA output
due to the unavoidable imperfect PM-fiber splicing.
As two key components of the TDFA, power and wavelength of two 35 W DILAS
diode lasers and the transmission of the pump combiner were carefully tested. The
measured output power of the 793 nm diode lasers were compared with the datasheet
provided by COHERENT company as shown in Fig. 3.22 (a).
In addition, the power of the diode lasers was measured right before and after the
pump combiner to evaluate the transmission of the pump combiner ports (and the
quality of the fiber splices in between). The measured transmission for the pump
combiner ports for each diode laser is > 93% for diode powers up to ≈ 23 W as shown
in Fig. 3.22 (b). These results match the specification provided by the manufacturer
of the pump combiner.
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Figure 3.23: Seed signals along with the TDFA output as a result of the test for the
initial design for TDFA with L = 3 m of active fiber.
To test the performance of the TDFA, it was intentionally seeded by the OPO
signal with a broad spectrum. The broad seed spectrum consisted of several peaks
separated by the free spectral range (FSR) of an 300 µm etalon which was put inside
the OPO cavity. Two broadband seed spectra used to test the TDFA are shown on
the top panel of the Fig. 3.23 with solid blue color curves.
The output of the TDFA at different pump powers up to P≈ 25 W for a single
pump diode laser is illustrated on the bottom panel of Fig. 3.23. As seen, the peaks
above 1920 nm are amplified while the short wavelength peaks (λOP O ≤ 1900 nm)
are completely suppressed. Since the transmission of the pump combiner ports was
high enough and the AHWP angle was carefully adjusted, the only possible issue for
such behavior is the signal re-absorption along the Tm-doped (active) fiber. This
means the seed signal might get amplified initially inside the active fiber since TDFA
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Figure 3.24: Evaluation of TDFA performance at short wavelengths (1895 nm) with
short active fiber (L = 1.3 m). (a) the seed signal, and (b)&(c) amplified signals at
1895 nm at the output of the TDFA.

is working in forward pumping scheme; but the pump absorption in Tm ions is too
high to provide the transparency condition for such a long active fiber, so the short
wavelength peaks of the seed get re-absorbed along the active fiber. We should note
that the absorption cross section increases at short wavelength which causes strong
re-absorption at these wavelengths.
To rule out any other possible reasons for the signal amplification only at longer
wavelengths (not at the wavelengths of the interests), several other factors such as
seed coupling efficiency ηcpl , AHWP angle adjustment (polarization purity), pump
absorption inside the active fiber, temperature and wavelength of the diode lasers,
and quality of the spliced connections were carefully investigated. After analyzing the
test results and as mentioned above, we concluded that signal re-absorption at short
wavelengths is the critical problem and a TDFA with shorter active fiber (L ≈ 1.2 m)
in a counter pumping scheme might fix the issue. Another approach to solve the
TDFA issue is to use one pump combiner at each end of the TDFA active fiber (dual
side pumping scheme) to provide enough power for transparency and amplification of
the signal at short wavelengths as it propagates inside a long active fiber; however,
this method is costly and its troubleshooting is much more complicated since the
number of optical components and splices are more than single combiner design.
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In order to test the idea of using a short active fiber, the TDFA was modified by
cutting the active fiber to L ≈ 1.3 m and splicing that to the output fiber with a
non-PM fiber splicer which will introduce coupling loss and distort the polarization
at spliced point. However, the TDFA operation was tested and the results were
really convincing. Figure 3.24 (a) shows the narrow linewidth seed signal at 1895 nm
which was used to test the modified TDFA, and the output spectra of the TDFA
which clearly show the amplified signals at this wavelength for different pump diode
currents are illustrated in Figs. 3.24 (b) and (c).
After obtaining promising results with the modified TDFA, a new design for it
with counter propagating pump scheme was proposed and the TDFA was constructed
for final tests as shown in Fig. 3.25 [18]. The new design of the TDFA (with L ≈ 1.2 m
active fiber and counter propagating pumping scheme) was tested with two pump
diode lasers at full power (P = 35 W) when it was seeded at ≈ 1901 nm, as shown in
Fig. 3.26 (a) and (b). An output power of ≈ 12 W (see Fig. 3.26 (c)) was successfully

CW-OPO
Diode
Lasers
P=35 W
λ=793 nm

Isolator
AHWP
Objective

Output PM-fiber
Combiner

Active PM-fiber
L~1.2 meters

Seed PM-fiber

Figure 3.25: Modified TDFA with L ≈ 1.2 m active fiber and counter propagating
pump scheme. The photographs of the TDFA setup are taken by (left) a cellphone
camera, and (right) a FJW Find-R-Scope IR-viewer with spectral sensitivity of 3501350 nm.
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Figure 3.26: (a, b) Seed and TDFA output spectrum, and (c) monitored output
power of TDFA at 1901 nm.

demonstrated for the TDFA exactly at the seed wavelength without any parasitic
lasing at longer wavelength (Fig. 3.26 (a)) while TDFA is pumped with two diode
lasers operating at full power ( ≈ 35 W). The output power of the TDFA is really
stable with an standard deviation of 0.2 W over ≈ 1 hour operation at ≈ 11.6 W.
The high power TDFA output at 1901 nm exactly matches with λopt of 2% Tm:YLF
crystal [18]. In this experiment the seed power was ≈ 1.2 W and the coupling
efficiency of the seed was ≈ 50% at maximum seed power.
The TDFA operation was also tested with a seed signal at ≈ 1886 nm which
is very close to the λopt of 1% Tm:YLF crystal. Using two pump diode lasers at
793 nm with P = 35 W, an output power of 11.03 W with standard deviation of
0.14 W over ≈ 3 hours operation was obtained as shown in Fig. 3.27 (a-c) [18]. To
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Figure 3.27: (a, b) Seed and TDFA output spectra, and (c) monitored output power
of TDFA at 1886 nm.
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Figure 3.28: Seed and TDFA output spectra with different zooms to show the threshold of parasitic lasing at high pump powers (P = 35 W) for 1874 nm seed signal.
search for the shortest wavelength signal amplified by the TDFA, it was seeded at
1874 nm, and 1863 nm and pumped with only one diode at different powers. The
results for 1874 nm seed are illustrated in Fig. 3.28. As seen, an output power of
3.72 W without any parasitic lasing at P ≈ 27 W for a single pump diode laser was
observed (see Fig. 3.28 (c)). By increasing the current setpoint of the diode laser
to P = 35 W, the output power of the TDFA was increased to 4.40 W, but some
parasitic lasing feature around 1920-1950 nm was started to show up at the output
spectrum as clearly shown in Fig. 3.28 (c).
For 1863 nm seed signal, the test was performed at multiple current setpoints
as shown in Fig. 3.29. As seen, an output power of 1.21 W without any parasitic
lasing at P ≈ 13 W for a single pump diode laser was observed (see Fig. 3.29 (c)).
By increasing the power of the diode laser to P ≈ 15 W, the output power of the
TDFA was increased to 1.87 W at the threshold of the parasitic lasing around 19301950 nm. Further increasing the power of diode laser led to an enhanced parasitic
lasing around 1945 nm which has almost the same contribution as the amplified seed
at the output spectrum as shown in Figs. 3.29 (a) and (c). TDFA operation at short
wavelengths shows that seed signals at 1874 nm and 1863 nm are amplified; however,
the parasitic lasing must be hindered at high pump powers. It should be mentioned
that only the output fiber of the TDFA was angle cleaved for these tests, so angle
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cleaving the input fiber which is used for seed coupling might completely suppress
the parasitic lasing, and higher output powers become accessible by using two pump
diode lasers. Considering the threshold of the parasitic lasing at P ≈ 35 W with one
diode laser for 1874 nm seed, we can roughly estimate ≈ 8.8 W output power at this
wavelength using two 35 W pump diodes operating at full power if parasitic lasing is
effectively blocked. At 1863 nm, we might be able to extract ≈ 3-4 W power under
the same conditions.
It is notable that the efficiency of the TDFA is not high for multiple reasons. The
coupled seed power into the input fiber of the TDFA is not monitored and quantified, so a 2 × 1 PM-fiber tap coupler (or splitter) with splitting ratio of 99%:1% or
98%:2% should be spliced to the input PM-fiber for this purpose.
Also the length of the active fiber should be optimized via performing more cut
back tests, and PM-fiber splices and angle cleavings should be further optimized to
enhance the efficiency of the TDFA.
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Figure 3.29: Seed and TDFA output spectra with different zooms to show the threshold of the parasitic lasing at high pump powers (P ≈ 15 W) for 1863 nm seed signal.
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3.7

Power Cooling of 2% Tm:YLF

In previous section, experimental efforts for developing a high power TDFA for power
cooling of Tm-doped crystals were discussed in great detail. Finally, we achieved a
TDFA output signal with ≈ 12 W output power operating around 1900 nm which
matches with the optimum laser cooling wavelength of Tm:YLF crystals.
Using the TDFA output signal (P ≈ 11.6 W at λ = 1901 nm), a double pass power
cooling experiment for 2% Tm:YLF crystal is performed. Figure 3.30 (a) shows two
laser beam traces passing through the crystal taken by a FJW Find-R-Scope IRviewer (model No. 85345A, IL, USA) with spectral sensitivity 400-2200 nm, and
Figs. 3.30 (b and c) show the configuration of the beam dump for the output beam

(a)

(b)

(c)

(e)

(d)

mirror, mirror mount, and crystal
mounts are heating

2% Tm:YLF
L=4 mm

𝒕 = 𝟎 min

𝒕~𝟓 min

Figure 3.30: (a) Double pass pump laser traces passing through the crystal taken
by FJW Find-R-Scope IR-viewer, and configuration of beam dump for the output
beam taken by (b) a cellphone camera, and (c) FJW IR-viewver. Thermal images
for power cooling test of 2% Tm:YLF crystal (d) before (t = 0) and (e) after ≈ 5 min
of running the experiment.
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taken by a cellphone camera and FJW IR-viewer respectively.
Figures. 3.30 (d) and (e) show the thermal images of 2% Tm:YLF crystal before
(t =0) and after ≈ 5 minutes of the power cooling test respectively, which are taken
by a Thermal Eye Nanocore 640 (L-3 Communications, Texas USA) thermal camera.
As seen, after ≈ 5 minutes of the experiment, the thermal camera reaches to its
minimum temperature measurement scale in a 0 to 255 gray scale range (dark means
cold) equivalent to ≈ 5 K temperature drop from room temperature, and the mirror,
mirror mount, and the crystal holders are heating due to the absorption of the
scattered pump and fluorescence in absence of a proper clamshell and actively cooled
copper base and mirror mounts.
As mentioned before, precise temperature measurements are performed via DLT
analysis. A low-OH optical fiber is used to collect the σ-polarized emission spectra of
2% Tm:YLF crystal during the experiment. The reason of using σ-polarized emission
spectra is to insert a high extinction ratio polarizer in front of the collection fiber to
block π-polarized pump scattering into the DLT spectra. This greatly enhances the
quality of the collected spectra and the accuracy of the temperature measurements.
For DLT calibration, the collected emission spectra S(λ, T ) are normalized to a
proper peak λnorm (for instance λnorm = 1790 nm) according to Eq. 3.4 in which
S(λ, T0 ) is the collected spectra at T0 = 300 K. We should note that the normalization
peak should ideally be far from the pump scattering noises and not sensitive to
the reabsorption of the fluorescence light. The DLT calibration curves SDLT (T )
are then created by integrating the area under the differential normalized spectra
|∆S(λ, T, T0 )| for a selected wavelength band ([λ1 , λ2 ]) as shown in Eq. 3.4,

S(λ, T0 )
S(λ, T )
−
S(λnorm , T ) S(λnorm , T0 )
Z λ2
DLT = SDLT (T ) =
dλ |∆S(λ, T, T0 )|
∆S(λ, T, T0 ) =

λ1
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Figure 3.31: The DLT calibration curves of 2% Tm:YLF crystal for (a) 1700-1765 nm
band and (b) 1600-1820 nm band using σ-polarized emission spectra of the sample
while it is irradiated by the OPO signal and its temperature changes from T=300 K
to 80 K in a liquid nitrogen cryostat.

The DLT calibration data and the best fits as the DLT calibration curves in two
selected wavelength bands for 2% Tm:YLF crystal are shown in Figs. 3.31 (a, b) [18].
Such DLT calibration curves are used to read the temperature of the crystal during
power cooling tests. The DLT analysis of the collected emission spectra during power
cooling tests shows an stabilized temperature drop of ∆Tstab. = 14 K as shown in
Fig. 3.32. As seen, the temperature drop obtained from two different bands (red
and blue curves in Fig. 3.32) for DLT analysis agree very well [18]. Compared to
the power cooling experiment on 1% Tm:BYF crystal, the temperature read out
from DLT analysis is much less noisy due to using the σ-polarized emission spectra
with much less pump scattering into the DLT spectra. Improving the purity of the
polarized output of the the TDFA and quality of the DLT spectra [89] would further
improve the accuracy of the temperature measurements via DLT analysis. The result
of the power cooling experiment on 2% Tm:YLF crystal updates the milestone map of
the mid-IR optical refrigeration [70] since 2000 as shown in Fig. 3.33. In comparison
with our previous report in 2019 [70], a new data point for 2% Tm:YLF crystal is
added to the map. It is notable that the result of this experiment could be further
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Figure 3.32: The DLT analysis and temperature drop evaluation for 2% Tm:YLF
crystal calculated by DLT calibration curve for two bands for the power cooling
experiments.

enhanced by increasing the pump absorbance inside the crystal via increasing the
number of laser passes through the crystal and also better heat load management by
enclosing the crystal with a proper clamshell [18]. As seen, our 2019 result for laser
cooling of 1% Tm:BYF with ≈ 2 W laser power and 18 laser passes in a Herriott
cell configuration shows ≈ 23 K temperature drop, and here for 2% Tm:YLF we
are using ≈ 11.6 W laser power with only 2 laser passes, so there is a lot of room
for further improvement of the power cooling results of 2% Tm:YLF crystal, and
experiments toward enhancing this power cooling results are future works.
To conclude this section, it should be mentioned that the pump absorbance inside the
cooling sample would be greatly enhanced if the number of passes inside the crystal
increases. One strategy to improve the power cooling results is to set up an astigmatic
Herriott cell for pumping configuration in which a spherical mirror (ROC = −50 cm
with a hole at its center) and a cylindrical mirror (ROC = −15 or −25 cm) are used
to increase the number of laser passes significantly [18]. Figure 3.34 shows a Zemax
modeling for an astigmatic Herriott cell with great enhancement in the number of
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Figure 3.33: The milestone map of the mid-IR optical refrigeration.

Figure 3.34: Multipass astigmatic Herriott cell configuration modeled in Zemax along
with the spot pattern on the cylindrical mirror.
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laser passes which is designed for power cooling experiments. Also, achieving better
power cooling results demands an actively cooled clamshell for the cooling crystal
with proper coating to extract the deposited heat on the clamshell walls due to the
absorption of the 2 µm fluorescense light. It seems that TINOX (ALMECO INC,
USA), which was used in Yb-based cryocoolers as well, would be a good candidate
for this application [18] since it has low (≤15%) reflectance for 2 µm fluorescence
light, and has high (≥90%) reflectance (low emissivity) at thermal wavelengths to
reduce the heat load on the sample.

3.8

Summary of Results and Future Work

In the previous sections, investigation of optical refrigeration in Tm- and Ho-doped
crystals, and steps toward developing high power coherent sources for laser cooling experiments were presented. These include development of an ultra-wide tunable CW-OPO and the first demonstration of optical refrigeration in Ho:YLF and
Tm:YLF crystals as well as full characterization of cooling grade materials. Cooling efficiency enhancement in the mid-IR was revisited and temperature-dependent
spectroscopic analysis of the cooling grade samples as a way to evaluate such cooling
efficiency enhancement was carefully investigated. In addition, MAT as the figure
of merit for all cooling grade samples was extracted and 1% Ho:YLF crystal with
the lowest MAT of 130 k, 1% Tm:BYF crystal with extremely high EQE (ηext ),
and 2% Tm:YLF with enhanced resonant absorption were introduced as potential
candidates for mid-IR optical cryocoolers.
Now, several steps should be taken toward performing better power cooling experiments on mid-IR cooling crystals. The next task would be setting up the multipass
pumping configuration and designing the clamshell for the crystal. Optimizing the
TDFA for power cooling of Tm:BYF crystals with λopt ≈ 1860 nm, and Ho:YLF
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crystals with λopt ≈ 2070 can be considered next. We are hoping that angle cleaving
of the input fiber of the TDFA resolves the parasitic lasing issue for its operation at
≈ 1860 nm, then power cooling of Tm:BYF samples would be possible.
For power cooling of Ho:YLF crystals, the OPO should be pumped with a high power,
narrow linewidth 1070 nm laser to obtain a suitable seed source at ≈ 2050-2070 nm
for a fiber amplifier (TDFA or HDFA).
Considering extremely high EQE of 1% Tm:BYF crystal, it seems that such a high
EQE for this crystal is related to its low phonon energy host material (≈ 350 cm−1 in
BYF compared to ≈ 450 cm−1 in YLF [5]) which totally suppresses the non-radiative
decay in Tm:BYF crystal [18].
On the other hand, the temperature dependence of ηc (λ, T ) which mainly originates
from αr (λ, T ) and λf (T ) is directly related to the width of ground state and excited
state energy multiplets of the cooling RE-ion [17, 70]. Our most recent investigations on laser cooling efficiency enhancement in mid-IR show that the absorption
efficiency αr /αb and the amount of redshift in mean emission wavelength ∆λf (T )
are two key parameters that are related to the width of the ground and excited state
multiplets [18].
Considering the above mentioned points, Ho:BYF crystal as introduced in host material vs. dopant ion map in Fig. 1.3, can potentially be a very promising candidate for mid-IR optical refrigeration application due to its low phonon energy host
material, and favorable low-temperature spectroscopic properties for Ho3+ dopant
ion. To investigate properties of Ho:BYF crystal for optical refrigeration, we have
performed low-temperature spectroscopic experiments on a 1% Ho:BYF crystal to
obtain its resonant absorption features at cryogenic temperatures as well as its mean
emission wavelength redshift from room temperature [18]. This analysis shows that
1% Ho:BYF with expected EQE of ηext > 99.0% would provide access to the resonant
absorption peaks around 2055 nm and 2065 nm as potential optimum laser cooling
wavelengths for this material which are very well resolved from the noise floor even
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at cryogenic temperatures as shown in Figs. 3.35 (a-c). Such pronounced absorption
peaks at 80 K would result in a desirable absorption efficiency for cooling efficiency
enhancement in mid-IR. In addition, 1% Ho:BYF crystal shows ∆λf ≈ 0.7% from
λf (300 K) which is lower than 1% Ho:YLF and the best ever cooled 10% Yb:YLF
crystals as shown in Fig. 3.35 (d).

Such decent spectroscopic properties make

1% Ho:BYF crystal a very promising candidate for future laser cooling observation
tests. An optimized CW-OPO pumped with 1070 nm laser would provide proper
source for such analysis and further power cooling experiments on Ho-doped crystals.
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Figure 3.35: Temperature-dependent absorption spectra of 1% Ho:BYF crystal for
(a) E kX, (b) E kY, (c) E kZ polarizations, and (d) a comparison of its normalized
mean emission wavelength redshift with 1% Tm:YLF, 1% Ho:YLF and the best ever
cooled 10% Yb:YLF crystals.
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Modeling and Optimization of
mid-IR Radiation Balanced Lasers

4.1

Introduction

Thermal degradation of the beam quality and laser efficiency, as a result of exothermic processes in optically pumped solid-state lasers are hurdles to achieve high power
operation in such lasers. Considerable improvements in thermal management have
been achieved via increasing the surface-to-volume ratio of the gain medium in fiber
and thin-disk lasers or exploiting low quantum defect pumping schemes leading to
multi-kilowatt level continuous wave output powers in such lasers. Soon after the
first demonstration of optical refrigeration in solids in 1995 [10], the novel idea of
athermal or RBL was proposed by S. Bowman in 1999 [27], in which anti-Stokes fluorescence cooling process inside the gain medium mitigates or balances the generated
heat and thus avoids thermal degradation [91].
In RBLs, the generated heat inside the gain medium caused by laser quantum
defect and non-radiative processes such as parasitic background absorption is ex-
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Figure 4.1: (a) A schematic of an RBL cavity, (b) diagrammatic illustration of
heating and cooling processes in an RBL.
tracted via optical refrigeration process at the same energy multiplet at which the
laser operates. Due to the high quantum efficiency and minimal parasitic background
abortion, RE-doped materials have been the primary candidates for optical refrigeration and RBLs [58, 92–94]. Figure 4.1 shows the two counteracting heating and
cooling processes within 3 H6 and 3 F4 energy multiplets of a Tm3+ ion [58]. The right
loop illustrates a typical laser action process while the left loop shows the anti-Stokes
fluorescence cooling process in which the crystal is cooled at expense of annihilation
of phonons and efficient extraction of lifted heat in the form of scattered fluorescence
photons [91].
To date, RBLs have been observed in Yb:YAG and Yb:YLF crystals in nearIR [28, 29, 91, 95, 96], with optimized operation and powers exceeding 500 W under
RBL condition [28, 97, 98], but mid-IR RBLs have not been demonstrated yet.
With the observation of optical refrigeration in Tm- and Ho-doped crystals [16, 17]
offering unique spectral properties for optical cryocooler and RBL applications as
presented in chapter 3, realization of the mid-IR RBL is within reach. Following S. Bowman approach for Radiation Balanced Amplifiers (RBA) [28] and using
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M. Sheik-Bahae’s optimized model for RBLs [91, 96], modeling and optimization of
mid-IR RBLs in various Tm- or Ho-doped crystals are presented in this chapter.
Under optimized RBL operation conditions and via sweeping pump and laser wavelengths, proper pumping schemes to achieve multi-kW level RBL outputs with high
efficiencies are calculated.

4.2

Proposed mid-IR RBL Designs

An indispensable part of an RBL is a cooling grade gain material, so crystals with
sufficiently high purity and optical quality (high external quantum efficiency ηext ,
and low parasitic background absorption αb ) are required to exhibit net cooling at
room temperature and develop RBLs [91]. In chapter 3, recent advances in mid-IR
optical refrigeration was discussed in great detail, and important laser cooling properties such as external quantum efficiency ηext , background absorption coefficient αb ,
mean fluorescence wavelength λf ,the first crossing wavelength λc1 (which is called λC
in this chapter for consistency with principal references [27, 91]), and the optimum
laser cooling wavelength λopt as essential parameters for mid-IR RBL modelling are
selected and shown in Table 4.1 [70, 94].

Complete laser cooling parameters for Tm- and Ho-doped crystals
Crystal

Pol.

ηext
(%)

1%Tm:YLF
2%Tm:YLF
2%Tm:YLF
1%Tm:BYF
1%Tm:BYF
1%Ho:YLF

E kc
E kc
E ⊥c
E kb
E kc
E kc

98.0±0.2
98.2±0.3
98.0±0.3
99.7±0.2
99.5±0.2
98.0±0.2

αb
cm−1 )

(10−4

2.0±1.0
3.0±1.0
2.0±1.0
2.5±0.5
2.0±0.5
0.5±0.2

λf
(nm)

λC
(nm)

λopt
(nm)

MAT
(K)

1823±1
1829±1
1829±1
1814±1
1814±1
2015±1

1860±1
1870±2
1870±2
1817±1
1817±1
2059±1

1888±1
1889±1
1910±1
1859±1
1857±1
2070±1

190±10
180±10
160±10
160±10
160±10
130±10

Table 4.1: EQE ηext , background absorption αb , and the first crossing wavelength λC
for cooling grade Tm- and Ho-doped crystals at different excitation polarizations.
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Mid-IR optical refrigeration results in Table 4.1 show that Tm:BYF crystal with
ηext > 99.0% and 2% Tm:YLF crystal with enhanced resonant absorption are promising candidates for mid-IR RBL in singly doped crystals. Moreover, unlike Yb:YLF
and Yb:YAG, the resonant absorption peak within the cooling region (shaded blue
region in Fig. 4.2 (a)) with large detuning from λf set an optimum pumping wavelength λP for RBL operation since this detuning is proportional to available cooling
power via anti-Stokes fluorescence up-conversion [58, 94]. It should be noted that improving ηext in Tm:YLF crystals would enhance the laser cooling power considerably
as the detuning could be more than 50 nm for 2% Tm:YLF crystal with ηext = 99.0%.
Although cooling grade crystals with extremely high ηext are observed both in
near- and mid-IR (namely Yb:YLF and Tm:BYF crystals), a drawback to developing
high power RBLs in singly doped crystals is their relatively low efficiency. The fact
that RBLs are cooled with a pump laser via anti-Stokes fluorescence cooling process
with limited cooling efficiency (ηc . 2−3%) is in general the reason why those are not
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Figure 4.2: Configurations for (a) RBL in 2% Tm:YLF, (b) 2T-RBL in co-doped
Tm,Ho-doped crystal, and (c) 2T-RBL in a tandem structure of 2% Tm:YLF and
1% Ho:YLF crystals.
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as efficient as regular lasers; however, RBLs have achieved powers exceeding 500 W
with aforementioned advantages. Also in RBLs (see Fig. 4.2 (a) for 2%Tm:YLF
crystal as an example), a relatively low absorption coefficient within the laser cooling
tail limits the pump absorbance for the cooling process and available small signal
gain (γ) for the laser action (low gain laser). So, high power RBLs can be realized in
either long rods or highly doped disks utilizing a large number of pump passes [70].
However, this is not a fundamental issue, since a codoped system of different ions
(Fig. 4.2 (b)) or a tandem structure of a cooling grade crystal and a proper laser
gain medium (Fig. 4.2 (c)) would resolve this issue as explained later, but such
combination is not readily available for any cooling grade material. A fortunate
coincidence of the optimum cooling wavelength of Tm:YLF crystal (corresponding
to the resonance absorption peak at 1890 nm) and efficient pumping wavelength
of Ho:YLF laser provides a suitable pumping scheme towards realization of highpower highly efficient mid-IR RBL which is called Two-Tone (2T)-RBL as shown
in Fig. 4.2 (c). In 2T-RBL, a single pump provides the required optical power for
both cooling process (in Tm ions) and laser action (in Ho ions) simultaneously. As
seen in (Fig. 4.2 (b, c)), 2T-RBLs can be realized either in a co-doped Tm,Ho:YLF
crystal or a tandem structure of singly doped Tm:YLF and Ho:YLF crystals as
shown in Fig. 4.2 (b) and (c) respectively [94]. Cooling grade co-doped Tm- and
Ho-doped crystals have not been observed yet; however, availability of cooling grade
Tm:YLF crystals has supplied the key element to develop tandem 2T-RBL. It is
also worth noting that the optimum cooling wavelength of Tm:YLF crystal coincides
with the available highly efficient high-power Tm (fiber) lasers and amplifiers in
mid-IR [73, 74].
To conclude this section, It is notable that 2T-RBL offer much higher gain coefficients compared to RBL as shown in Fig. 4.3 [70]. Following S. Bowman’s approach
for small signal gain (γ) calculations in Yb:YAG crystal [28], γ is calculated for
2% Tm:YLF crystal as the gain medium of a RBL (with enhanced resonant absorp-
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tion within the cooling range) in Fig. 4.3 (a), and for 1% Ho:YLF crystal as the gain
medium of 2T-RBL in Fig. 4.3 (b). In Fig. 4.3, iP is a dimensionless pump irradiance
representing the strength of pump intensity (IP ) versus pump saturation intensity
(IP sat ) and it is explicitly defined in the section 4.3. Fig. 4.3 (a) shows that the small
signal gain coefficient γ in 2% Tm:YLF crystal is limited to γ ≈ 0.8% per pass for
a 1 cm long crystal at a laser wavelength around λL = 1950 nm when the crystal is
pumped 10-times above the pump saturation intensity (iP = 10) at λP = 1900 nm.
Such gain calculation for 1% Ho:YLF crystal under the same conditions would result
in γ ≈ 10% per pass for 1 cm long crystal which shows its great potential toward
developing high power highly efficient 2T-RBLs in various geometries like small rods
or disks or even fibers.
In the following, the theory of RBL optimization is briefly discussed and subsequently the numerical results for modeling of different RBL configurations are
presented.
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Figure 4.3: Small signal gain (γ) for (a) 2% Tm:YLF and (b) 1% Ho:YLF crystals
with pump intensities IP = 5, 10, 20, and 50 times the pump saturation intensity
(iP = IP /IP sat ) at λP = 1900 nm.
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4.3

Theory of Optimized Operation of RBLs

In RBLs, the total deposited heat power density inside the gain medium (of a singly
doped crystal) including the deposited cooling power provided by the pump beam
(IP ), absorption in the anti-Stokes regime, and the heat load accumulated in the gain
medium through laser action with irradiance of IL is written as follows [28, 91, 96],

min
iL iP − imin
L iP − iP iL
Q = Q0
1 + iP + iL
h(νP − νL )NT
Q0 = (βP − βL )
τ2




(4.1)

where,
λP λL − λC βL
λC λL − λP βP − βL
λL λP − λC βP
=
λC λL − λP βP − βL

imin
=
P
imin
L

(4.2)

min
are the minimum pump and laser
As defined by S. Bowman [28], imin
P , and iL

irradiances for which RBL is achievable. The wavelengths are λj = c/νj with c being
the speed of light. Here λC ≈ λf /ηext (or picked from Table 4.1 in section 4.2) is
defined as the first zero-crossing wavelength, and λP and λL are pump and laser
wavelengths of RBL respectively. NT is the total ground-state population (dopant
P
j
z1
E12 − hνi −1
density), and βi = [1 + ( )exp(
)] in which Zj = i gi e−Ei /kT are the
z2
kT
partition functions for each multiplet with gi denoting the degeneracy of each sublevel. Normalized intensities are iP = IP /IP sat and iL = IL /ILsat with saturation
intensities given by IP sat = [hνP /σ(νP )τF ]βP and ILsat = [hνL /σ(νL )τF ]βL where τF
is the excited state (fluorescence) lifetime [28, 91].
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Using Eq. 4.1, the RBA condition is obtained by setting Q = 0 (no net heat
generation) which leads to the well-known relation [28, 91]:
imin
imin
P
+ L =1
iP
iL

(4.3)

Equation 4.3 expresses the necessary condition for pump and laser irradiances inside
the gain medium to satisfy radiation-balanced condition in an amplifier.
In a laser (i.e. RBL), under steady-state condition, setting the round-trip gain equal
to the total cavity losses in a high-Q cavity [54], provides a relation for the normalized
out-coupling (useful) losses which has an optimized form as shown in Eq. 4.4 [91],
v
u
βP
u
u iP (
− 1) − 1
opt
t
T2 + li
βL
θopt =
= ξ
2Lα0 (νL )
iP + 1
li
ξ=
2Lα0 (νL )

(4.4)

Then total intracavity RBL intensity under optimum output coupling condition
(Eq. 4.4) is the following [91]:
v

u
βP
u
− 1) − 1
iP (
u

βL
t 1

iL = (iP + 1) 
− 1
iP + 1
 κ


(4.5)

where κ = li /(2Lα0 (νL )) is defined as normalized internal cavity loss factor [91].
The crossing point of RBA condition (Eq. 4.3) and optimized total intracavity RBL
intensity (Eq. 4.5) provides us with optimum RBL point in which the radiation
balanced condition is fulfilled [91, 96]. This graphical approach gives us the optimum
RBL point for selected λP and λL ; however, a global optimization map would be a
contour plot of such RBL points while λP and λL are sweeped over entire cooling
region.
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Using the (single pass) absorbed pump intensity IPabs = α(νP )LiP IP sat , and laser
output intensity I = (iL T2opt /2)ILsat , the optical-to-optical efficiency of RBL is defined as follows [91]:
η=

νL κβL
νP βP

(iP + iL + 1)i2L
βL
iP (iP + 1)[iL (1 −
) + 1]
βP

(4.6)

where iP and iL correspond to the pump and laser intensities at RBL point.
In the next section, the optimized operation of mid-IR RBLs in various Tm- and
Ho-doped crystals are presented.

4.4
4.4.1

Modeling Optimized mid-IR RBLs
Optimized RBL Operation in 1% Ho:YLF Crystal

Using laser cooling parameters of 1% Ho:YLF crystal [17, 70], following S. Bowman
approach (for RBA) and applying RBL optimization theory presented in section 4.3,
modeling of RBL in L = 3 cm and 6 cm rods of 1% Ho:YLF crystal with different
external quantum efficiencies ηext are illustrated in Fig. 4.4. As explained in section 4.3, the intersection of RBA condition (black curves in Fig. 4.4 (a)) and RBL
optimization curves for high-Q, low-loss cavities (dashed-blue lines in Fig. 4.4 (a)),
provides the optimum RBL operation characteristics (RBL points) for 1% Ho:YLF
crystal.
Figure 4.4 (a), shows the optimized RBL points for 1% Ho:YLF crystals with
ηext = 98.0% and 99.5% at various parasitic losses from li = 0.2% to 1% (as magenta arrow shows in Fig. 4.4 (a)). It should be noted that 1% Ho:YLF crystal
with ηext = 98.0% is the first ever cooled Ho-doped crystal; however, improving
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ηext to > 99.0%, would considerably enhance the RBL output intensity and efficiency as shown in Figs. 4.4 (b) and (d) respectively. This is due to the access to
the resonant absorption peak at ≈ 2065 nm with enhanced absorption coefficient
and large detuning from the first crossing point (λC ≈ 2029 nm for ηext = 99.5%
vs. λC ≈ 2056 nm for ηext = 98.0%) which greatly improves the pump absorption
efficiency and the cooling efficiency at room temperature making RBL condition
possible at much higher laser intensities IL . Figure 4.4 (b) shows that 1% Ho:YLF
with ηext = 98.0% ultimately provides I ≈ 150 W/cm2 RBL output with η ≈ 15%,
while improving the external quantum efficiency to ηext = 99.5% would enhance
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Figure 4.4: (a) Optimum RBL points for 1% Ho:YLF crystal with external quantum
efficiencies of ηext = 98.0% and 99.5% at different parasitic losses (li = 0.2% − 1.0%).
(b) Optimized RBL output intensity, and (c) RBL efficiency for L = 3 cm and 6 cm
rods of 1% Ho:YLF crystal with ηext = 98.0% and 99.5% at different intracavity
losses (li = 0.2% − 2.0%).
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RBL output to I > 500 W/cm2 and η ≈ 45% for a L = 3 cm rod. As expected,
the RBL output intensities for 1% Ho:YLF crystal can be scaled up by increasing
the length of the rod. For instance, a L = 6 cm rod of 1% Ho:YLF crystal with
ηext = 99.5% would deliver > 1 kW/cm2 RBL output intensity at li = 0.2% with
η ≈ 50% efficiency. Figure 4.4 (c) shows the optimum output coupler for an RBL
using 1% Ho:YLf crystal with ηext = 98.0% and 99.5% and L = 3 cm and 6 cm.
As seen, for extremely high EQE (ηext = 99.5%) gain medium, the optimum output
coupler would reach to 0.8% and 1.6% respectively for L = 3 cm and 6 cm rods.
Fig. 4.4 shows the optimized RBL characteristics for Ho-doped crystal at fixed
λp = 2065 nm and λL = 2090 nm; however, the global optimization for RBL operation should include sweeping both pump λP and laser λL wavelengths over the entire
laser cooling tail of the cooling grade material. The result of RBL optimization with
wavelength scanning is a contour map which illustrate optimized RBL parameter vs.
λP and λL as shown in Fig. 4.5 for 1% Ho:YLF crystal. Figures 4.5 (a-f) show the
global maps for RBL efficiency η(%), steady state pump absorption αP L, and RBL
output intensity under optimized conditions of RBL in a L = 3 cm rod of 1% Ho:YLF
crystal with ηext = 98.% and 99.5%. It should be noted that as a reasonable choice
the parasitic loss is selected to be li = 0.3%, and it is the same for all calculations
for the other crystals as well.
The contour plots are illustrating RBL efficiency η, pump absorption αP L, and
output intensity I as a function of pump and laser wavelengths while λP and λL
are scanned from the first crossing wavelength λC (for instance ≈ 2025 nm for
ηext = 99.5%) to 2200 nm. These global optimization maps show that RBL output intensities for ηext = 99.5% are enhanced almost by a factor of two reaching to
average output intensities of > 500 W/cm2 with η > 30% when 1% Ho:YLF crystal
is pumped at λP ≈ 2070 nm and laser operation is established at λL ≈ 2090 nm.
As a general guide to use RBL optimization maps, the pump absorption curve αP L
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Figure 4.5: Global optimization maps of (a, d) RBL efficiency η, (b, e) steady
state pump absorption coefficient αP L, (c, f) RBL output intensity I (kW/cm2 )
for L = 3 cm, 1% Ho:YLF crystal with ηext = 98.0% (top) and 99.5% (bottom) and
pump polarization E kc
illustrated in Fig. 4.5 (b and e) is a key graph to select optimum pump wavelength
λP , then the optimum laser wavelength λL can be selected from RBL efficiency η
and output intensity I maps presented in Figs. 4.5 (a and d) and (c and f) respectively. It should be mentioned that for all the calculations presented in this dissertation, the input laser cooling parameters are selected from Table 4.1 presented in
section 4.2 (material characterization).

4.4.2

Optimized RBL Operation in 1% Tm:BYF Crystal

Figures 4.6 (a-f) show the global maps for RBL efficiency η, steady state pump
absorption αP L, and RBL output intensity I under optimized conditions of RBL for
a L = 3 cm rod of 1% Tm:BYF crystal with ηext = 99.7% and pumping polarization
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Figure 4.6: Global optimization maps of (a, d) RBL efficiency η, (b, e) steady
state pump absorption coefficient αP L, (c, f) RBL output intensity I (kW/cm2 )
for L = 3 cm, 1% Tm:BYF crystal with ηext = 99.7% and pumping polarization of
E kb (top) and ηext = 99.5% and pumping polarization of E kc (bottom).
E kb in Figs. 4.6 (a-c) and ηext = 99.5% and pumping polarization E kc in Figs. 4.6 (df). As mentioned before, in all calculations the parasitic loss is kept li = 0.3%. The
global optimization maps for 1% Tm:BYF crystal show that average RBL output
intensity exceeds I > 350 W/cm2 with η > 27% when it is pumped at λP ≈ 1860 nm
along b-axis (E kb) with λL ≈ 1875 nm, and such results for pumping along c-axis
(E kc) are I > 400 W/cm2 with η > 27% with λP ≈ 1860 nm and λL ≈ 1875 nm.

4.4.3

Optimized RBL Operation in 2% Tm:YLF Crystal

Figures 4.7 (a-f) show the global contour plots of RBL efficiency η(%), steady state
pump absorption αP L, and RBL output intensity I (kW/cm2 ) for a L = 3 cm
rod of 2% Tm:YLF crystal with ηext = 98.2% (top) and 99.0% (bottom) and E kc
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Figure 4.7: Global optimization maps of (a, d) RBL efficiency η, (b, e) steady state
pump absorption coefficient αP L, and (c, f) RBL output intensity I (kW/cm2 ) for
L = 3 cm, 2% Tm:YLF crystal with ηext = 98.2% (top) and 99.0% (bottom) under
E kc pumping polarization.
pump polarization. The global optimization curves for 2% Tm:YLF crystal show
that average RBL output intensity approaches I ≈ 1 kW/cm2 with η ≈ 30% when
λP ≈ 1890 nm and λL ≈ 1910 nm. Same as 1% Ho:YLF case, the external quantum
efficiency of this cooling grade crystal can be further improved assuming via more
pure growth leading to I > 1.2 kW/cm2 and η > 35% for 2% Tm:YLF crystal with
ηext = 99.0% under the same pumping scheme.

4.4.4

Estimate Optimized mid-IR RBL Output Intensities
in Long Rods

Figure 4.8 shows the estimated RBL output intensities for long (L = 6 cm) rods of
various Ho- and Tm-doped crystals assuming improved EQE (ηext ) and higher dop-
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ing concentration for comparison with RBL modeling based on currently measured
laser cooling parameters reported in table 4.1. As expected, for highly doped cooling
grade crystals with enhanced external quantum efficiencies, RBL output intensities
are greatly enhanced leading to the average output intensities of I ≈ 2.5, 4.0, and
2.2 kW/cm2 respectively for 2% Ho:YLF (ηext = 99.0%), 2% Tm:YLF (ηext = 99.0%),
and 2% Tm:BYF (ηext = 99.7%) (E kb) crystals as shown in Figs. 4.8 (d-f).

It should be noted that recent studies on optimized RBL disk lasers [91] show
that the Gaussian beam mode mismatching between pump and laser beams would
result in a factor of 3 enhancement in RBL output intensities estimated here.
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Figure 4.8: Estimated RBL output laser intensities for long (L = 6 cm) rods of
(a) 1% Ho:YLF with ηext = 98.0% (E kc), (b) 2% Tm:YLF with ηext = 98.2% (E kc),
(c) 1% Tm:BYF with ηext = 99.7% (E kb), (d) 2% Ho:YLF with ηext = 99.0% (E kc),
(e) 2% Tm:YLF with ηext = 99.0% (E kc), (f) 2% Tm:BYF with ηext = 99.7% (E kb).
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4.5

Optimized 2T-RBL Theory and Modeling

Following the similar theory presented for RBLs, the theory of optimized 2T-RBL
can be simply presented with some modification. As depicted in Fig. 4.2 (c), in
2T-RBLs, the cooling and heating processes take place in two separate ions (in codoped system) or separate singly doped crystals (Tm:YLF and Ho:YLF in tandem
structure), so the RBL theory should be modified to encompass such changes in the
geometry and optical properties of the system. In general, in a 2T system, the RBL
optimization theory is modified via definition of Q1 as the cooling power density
(for example in Tm ions or Tm-doped crystal), and Q2 as the deposited heat power
density on the gain medium (for instance in Ho ions or Ho-doped crystal). Following
the similar approach presented for RBLs, Q1 and Q2 , and the total deposited heat
power density in 2T-RBL QT (in this case tandem structure of Tm:YLF and Ho:YLF
crystals) are expressed in Eq. 4.7,

QT = Q1 +
Qj = (βjP

N2T A2 L2
N1T A1 L1


Q2

hNjT
− βjL ) (νP − νL )
τjF



min
ijL ijP − imin
jL ijP − ijP ijL
1 + ijP + ijL



(4.7)

where Qj represents the heating (j = 1) or cooling (j = 2) power densities in
Ho:YLF (with length L1 ) and Tm:YLF (with length L2 ) crystals respectively. Same
λP λL − λjC
βjL
as before ijP = IjP /IjP sat , ijL = IjL /IjLsat , imin
=
and
jP
λjC λL − λP βjP − βjL
βjP
λL λP − λjC
.
imin
jL =
λjC λL − λP βjP − βjL
Depending on 2T-RBL design in a co-doped crystal or a tandem structure, NjT ,
Aj , and Lj in QT equation are parameters which provide more flexibility to optimize
the design. Since no cooling grade co-doped system is observed to date, we dedicated
the 2T-RBL theory presented here to merely discuss tandem structures of singly
doped Tm:YLF and Ho:YLF crystals. By some mathematical manipulations, Eq. 4.7
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is rewritten as follows,


min
hc(λL − λP )N1T XY − imin
1L X − i1P Y
QT = (β1P − β1L )
+
τ1F λL λP
1+X +Y


 (4.8)

min
hc(λL − λP )N2T Λ1 Λ2 XY − imin
N2T A2 L2
1L Λ1 X − i1P Λ2 Y
(β2P − β2L )
N1T A1 L1
τ2F λL λP
1 + Λ 1 X + Λ2 Y

where Λ1 = I1P sat /I2P sat and Λ2 = I1Lsat /I2Lsat are used to define all the variables
in terms of X = i1P and Y = i1L which are attributed to the Ho:YLF medium.
Please note that for simplicity we assume a long Rayleigh range for focused pump
laser beam and laser cavity mode to hold the validity of the plane wave analysis, also
we neglect the pump intensity drop as it propagates through the adjacent medium.
Once total deposited heat power density in 2T-RBL structure (QT in Eq. 4.8) is
calculated, the RBL condition is obtained as pump IP and laser IL intensities fulfill
QT = 0 condition. In general, QT is illustrated as a contour plot vs. IP and IL that
its intersection with QT = 0 plane gives the RBL condition. Moreover, an intersection of extracted 2T-RBL condition (IP vs. IL plot) and optimized laser output
curve for the gain medium (if exists), would give us the optimized 2T-RBL points
for selected λP , λL , length of crystals Lj , doping concentrations NjT , beam crosssections Aj , mode matching, and parasitic losses in the laser cavity li . The results
of such analysis in a tandem structure of single doped 2% Tm:YLF and 1% Ho:YLF
crystals are presented in the following.

Figures 4.9 (a-d) show QT contour plots for a 2T-RBL in a tandem structure of
singly doped 2% Tm:YLF and 1% Ho:YLF crystals. As seen, the white demarcation
separating the cooling (blue) region from heating (red) region represents the radiation
balanced condition for pump IP and laser (intracavity) IL intensities. This boundary
is analogous to the black curves in Fig. 4.4 (a) representing the radiation balanced
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condition obtained from S. Bowman’s approach for RBAs. To model optimized 2TRBLs in a tandem structure of 2% Tm:YLF and 1% Ho:YLF crystals, λP = 1920 nm,
λL = 1940 nm, L1 = 1 cm, L2 = 2, 3, 4, 6 cm, li = 0.3%, τ1F = 17.5 ms, and
τ2F = 9.4 ms are used. The reason why λP = 1920 nm is selected rather than
λopt ≈ 1890 nm (the so called optimum cooling wavelength of Tm:YLF crystal) is
that at λopt the absorption coefficient αr for 1% Ho:YLF is almost 5 time the αr for
2% Tm:YLF (see Fig. 2b) so that the length ratio (L2 /L1 ) to balance dissipated
heat power in the gain medium would be very large.
As explained before, the optimized RBL points are extracted from the intersection of
RBA condition (white demarcations in Figs. 4.9 (a-d)) and the optimized intracavity
intensity IL in the laser cavity for the gain medium (in this case 1% Ho:YLF crystal).
Such optimized RBL points for 2T-tandem structure are depicted in Figs. 4.9 (e-h)
with red points. In Fig. 4.9 (e), there is no RBL solution which means the cooling
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Figure 4.9: Contour plots of the total deposited heat power density QT into 2Ttandem structure of 2% Tm:YLF and 1% Ho:YLF crystals (top), and optimized
RBL points (bottom) for tandem structures with (a)&(e) L1 = 1 cm , L2 = 2 cm,
(b)&(f) L1 = 1 cm , L2 = 3 cm, (c)&(g) L1 = 1 cm , L2 = 4 cm, and (d)&(h)
L1 = 1 cm , L2 = 6 cm.
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medium is not large enough to dissipate and balance the heat generated inside the
gain medium. Such system always stays in the heating regime; however, the antiStokes fluorescence cooling process in Tm:YLF crystal still would mitigate some
heat power density from the gain medium. In Fig. 4.9 (f), there are optimized RBL
solutions, but those take place only at low pump IP and laser IL irradiances since the
cooling medium (Tm:YLF crystal) is relatively small, and not capable of mitigating
too much heat that is generating at high power laser operation. In this case, the
length of 2% Tm:YLF crystal has been increased to L2 = 3 cm to have just enough
cooling power to achieve an optimized RBL solution for the system as shown in
Fig. 4.9 (f). The second RBL point in Fig. 4.9 (f) corresponds to I = 348 W/cm2
with efficiency η ≈ 39%. Due to the nonlinearity in QT equation, sometimes there
are RBL points at very low pump and laser intensities which are not interesting for
mid-RBL study since those provide relatively very low output powers.
Finally, Figs. 4.9 (g) and (h) represent two cases with proper ratio (L2 /L1 ) for
cooling and gain media lengths which provide us with optimized RBL points at very
high laser irradiances. Figures 4.9 (c) and (d) show the contour plot of QT for
L2 = 4 cm and 6 cm while L1 = 1 cm. It is obvious that by increasing the length
of cooling medium, the RBL condition shifts to the higher pump IP and laser IL
intensities resulting in higher RBL output power intensities I. In Figs. 4.9 (g) and (h)
optimized 2T-RBL points are delivering RBL output intensities of I = 1.17 kW/cm2
with η ≈ 65% for L2 = 4 cm and I = 2.18 kW/cm2 with η ≈ 74% for L2 = 6 cm.
It should be noted that calculated output intensities in this modeling correspond
to the plane wave (PW) analysis of RBAs introduced by S. Bowman [28]; however,
Gaussian beam mode-mismatch considerations show a factor of 3 enhancement in
output intensity for such RBLs [91], so I ≈ 3.5 kW/cm2 for L1 = 1 cm ,L2 = 4 cm,
and I ≈ 6.5 kW/cm2 for L1 = 1 cm ,L2 = 6 cm designs are estimated under
such conditions. The flexibility of 2T-tandem RBLs to engineer the volume (or
length) ratio of Tm- and Ho-doped crystals plus the availability of high gain in
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Ho:YLF crystal pumped within the cooling region of Tm:YLF crystal, are the key
factors toward developing high-power mid-IR 2T-RBLs. It is worth noting that
for 2T-RBL in Tm and Ho-doped crystals, the wavelength scanning is not required
at least for the pump wavelength since λP is almost fixed to ≈ λToptm which is the
optimum laser cooling wavelength of Tm:YLF crystal at room temperature; however,
the combination of doping concentrations, geometrical parameters (such as L1 and
L2 ) would provide more flexibility to optimize 2T-RBLs compared to RBLs.

4.6

Experimental Approaches Toward Realizing
mid-IR RBLs

Although RBLs have been observed in near-IR in Yb-doped crystals, efforts to observe such lasers in mid-IR are delayed due to the lack of suitable cooling grade
materials and high power laser sources at proper wavelengths, specifically 1860 nm,
1890 nm, 2070 nm for Tm:BYF, Tm:YLF, and Ho:YLF crystals respectively. To
overcome such challenges, we have developed a high power TDFA in collaboration
with AFRL to achieve high power coherent sources for mid-IR RBL and optical
refrigeration research. The details of TDFA design and its performance at various
wavelengths within the gain spectrum of the Tm ions were explained in chapter 3.
With the availability of high power lasers in 2 µm wavelength range and suitable
cooling grade materials, RBL cavities can be set up as shown in Fig. 4.10; However,
these RBL configurations need polarization beam splitter cubes (PBSC) with minimal loss especially for small size crystals. Since the amount of small signal gain
(see Fig. 4.3 (a)) for small size crystals is low, it can not overcome the loss of the
PBSC, so RBL configurations shown in Fig. 4.10 can only be realized in either highly
doped or long rods (L ≥ 3 cm). In Fig. 4.10 (a) and (b) the polarized pump source
is pumping the crystal at certain polarization direction (π or σ) and PBSC is used
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High Power Pump Lasers
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RBL Cavity
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Figure 4.10: Proposed RBL cavities with orthogonal pump and laser beam polarizations using an AR-coated PBSC.

to set up the RBL cavity with the polarization at the orthogonal direction to the
polarization of the pump laser.
Currently, due to the unavailability of long enough cooling grade crystals, we should
design a RBL cavity with minimum possible losses as shown in Fig. 4.11. In order
to avoid inserting any extra element inside the laser cavity, a parabolic mirror with
a hole is used as the focusing mirror for the pump laser while the RBL cavity is set
up in such a way that the mirror hole provides room for the cavity mode to oscillate.
In this configuration, the mirror hole would introduce some loss for the pump laser,
but the laser cavity has no loss due to the extra elements such as PBSC. A large area
mirror is used for the pump laser; however, this type of cavity can be easily modified
by using dielectric mirrors with a hole for the pump laser.
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Figure 4.11: mid-IR RBL cavity design with minimal losses for Tm- and Ho-doped
crystals

4.7

Conclusion

In Summary, modeling and optimization of mid-IR RBLs in singly doped crystals and
the novel 2T design in a tandem structure of Tm:YLF and Ho:YLF crystals were
discussed. Our modeling shows that 2T-RBL is a promising candidate to achieve
multi-kW output powers. Moreover, highly doped cooling grade crystals in long rod
forms would be ideal laser gain media for multi-kW level mid-IR RBLs. Different
methods for realization of RBLs were discussed and an RBL cavity with minimal
losses was introduced as a feasible approach to demonstrate the first mid-IR RBL.

113

Chapter 5
Summary of Results, Conclusion,
and Future Work

In this dissertation, I investigated optical refrigeration in various Tm- and Ho-doped
crystals to obtain materials which potentially could exhibit laser cooling efficiency
enhancement compared to Yb-doped samples and promising laser cooling results in
the mid-IR.
I designed and constructed a MgO:PPLN based, temperature tuned, ultra-wide
(1700-2800 nm), high-power singly resonant CW-OPO with modest output power of
1-2 W which is tunable used for optical refrigeration of Tm- and Ho-doped crystals.
By performing LITMoS tests on samples, I demonstrated optical refrigeration in
any Ho-doped materials as well as in Tm:YLF crystal for the first time which have
great potential to develop mid-IR optical cryocoolers and RBLs.
I fully characterized all the cooling grade materials via performing detailed temperature dependent spectroscopic analysis, and obtained the minimum achievable
temperature (MAT) as the figure of merit for all the samples. The results show that
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Ho-doped crystals with unique spectroscopic properties due to the narrow ground
and excited state energy multiplets are considered promising laser cooling candidates
in mid-IR. The lowest estimated MAT in this study is 130 K for 1% Ho:YLF crystal
which can potentially be further improved to sub-80 K temperatures via enhancing
the EQE (ηext > 99.0%) and increasing the doping concentration of the sample (up
to 2%) [16, 17].
I also observed extremely high EQE in Tm:BYF crystals which is likely related to
its lower phonon energy (350 cm−1 [5]). The results show that Tm-doped BYF and
YLF crystals which have a resonant absorption peak within their laser cooling tail
with a large detuning from the first crossing wavelength λc1 have great potential to
develop high power mid-IR RBLs in long rod geometries.
Considering an extremely high EQE (ηext > 99.5%) measured for Tm:BYF crystal, and observing unique spectroscopic properties for Ho3+ ions at cryogenic temperatures, I also investigated temperature-dependent spectroscopic properties of a
1% Ho:BYF crystal as a potential laser cooling candidate in the mid-IR. The results
of this analysis show that 1% Ho:BYF crystal which has the minimum redshift in
λf (T ) and demonstrates high absorption efficiency at cryogenic temperatures, would
be a very promising candidate for laser cooling applications [18].
I also revisited the idea of the laser cooling efficiency enhancement in mid-IR
according to the inverse energy scaling law (ηc ∝ O(kT )/hν), and I realized that
laser cooling efficiency enhancement requires investigation of certain temperature
dependent spectroscopic parameters (redshift in mean emission wavelength λf (T )
and absorption efficiency αr (λ, T )/αb ) at cryogenic temperatures which are connected
to the width of the ground state and excited state energy multiplets of the laser
cooling system [17, 70]. In short, narrower ground state and excited state multiplets
would result in lower MATs.
To perform high-power laser cooling tests, in collaboration with AFRL, I devel-
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oped a high power (≈12 W) TDFA seeded by home-made CW-OPO and pumped
with 793 nm diode lasers [18]. I performed power cooling experiments on Tm:BYF
and Tm:YLF crystals resulting in new cooling records of 23 K and 14 K temperature
drop from ambient temperature for 1% Tm:BYF and 2% Tm:YLF crystals respectively. It should be noted that there is a lot of room to enhance the results of such
power cooling experiments specifically via designing a proper clamshell for reducing
the heat load on cooling samples which is left as future work.
With the availability of cooling grade Tm- and Ho-doped crystals, I modeled the
optimized operation of mid-IR RBLs following S. Bowman approach for RBA and M.
Sheik-Bahae’s optimized RBL model [28, 91]. Modeling of the optimized operation
of RBLs in various singly doped Tm- and Ho-doped crystals as well as in a novel
2T-tandem RBL structure made of singly doped cooling grade Tm:YLF crystal and
Ho:YLF crystal were presented [16, 94]. My modeling results show that 2T-RBL is
a promising candidate to achieve multi-kW RBL output powers. Moreover, highly
doped cooling grade crystals in long rod forms would be ideal laser gain media for
multi-kW level mid-IR RBLs. Different approaches towards realization of mid-IR
RBLs were discussed and an RBL cavity with minimal losses was introduced as a
feasible approach to demonstrate the first mid-IR RBL. Experiments toward the
realization of the first mid-IR RBL are underway as future work.
Another step that could be taken as future work on this subject is to develop a
TDFA or HDFA which operates at a wavelength around 2050-2080 nm to perform
power cooling experiments on Ho:YLF and Ho:BYF crystals for next generation
optical cryocoolers and RBLs.
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